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Abstract 
The proactive practice of anticipating and ‘designing out’ work health and safety (WHS) 
risks at early project stages, known as safety in design, is well-recognised. Evidence from 
previous research also indicates that the effective interaction between design and construction 
participants is vital to make construction process knowledge accessible to design decision-
makers. Nevertheless, effective communication still seems to be a problem in practice.  
This PhD study was undertaken to explore the way in which the interactions between design 
and construction decision-makers impact on the quality of design decisions and WHS 
outcomes. Social network analysis (SNA) has been applied to explore the patterns of 
interaction between project participants. Previous applications of SNA in construction have 
largely been cross-sectional and single-level in their focus, implicitly assuming a degree of 
simplicity and stability in the project context. The reality is, however, that the construction 
project context is complex and unpredictable. Decisions unfold and trade-offs are made at 
different organisational levels as participants negotiate solutions to emergent problems. At 
the same time, there are important interdependencies between the technical decisions and the 
social interactions that underpin them.  
In order to recognise these socio-technical complexities and interdependencies, a multilevel 
framework is implemented representing the design process as a socio-technical network. 
Using this approach, six case studies were conducted. In each case, the design process and its 
underlying interactions were explored and the characteristics of effective interaction during 
design decision-making were identified. In addition, the way that effective interaction 
contributes to the achievement of safety in design in construction projects was investigated.  
It was found that certain structural properties of communication networks between project 
participants were linked to better safety in design decision outcomes. The research evidence 
suggested that this effect can be attributable to an alignment between the information 
interdependencies of the design decisions and the communication patterns that underpin 
them. 
Through this PhD study, a realistic understanding of the role of information exchanges in 
supporting safety in design was facilitated. Moreover, implementation of the multilevel 
framework and analysis technique in this study, not applied in construction research to date, 
enabled a comprehensive and detailed analysis of the complexities and socio-technical 
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interdependencies that characterise design decision-making. The findings of this study can be 
used to understand and proactively design, encourage and maintain interaction networks that 
support effective decision-making in the context of safety in design. 
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Chapter 1 – Introduction 
 The industry problem 
The high rate of injuries, accidents and claims in the construction industry continues to be a 
major concern worldwide. The problem stems from the following issues: 
• The rates of fatalities and injuries in the construction industry are high compared to 
other industries around the world which makes construction a high-risk industry.  
• There are high direct and indirect costs associated with construction accidents. 
For example, in the US, in 2013, 796 fatal work injuries were reported for the construction 
industry which accounts for 20.3% of the total fatal workplace injuries in the USA (U.S. 
Department of Labor, Occupational Safety & Health Administration, 2015). Similarly, 
according to the UK Health and Safety Executive, the statistics for 2011/12 revealed that 
although the construction industry employed only about 5% of workers, it accounted for 22% 
of fatal injuries and 10% of reported major injuries (HSE, 2013).  
In Australia, during 2016, a total of 182 fatal injuries were recorded for workers, of which 35 
fatalities were in construction. Moreover, during the five years from 2012 to 2016, 153 work-
related fatalities were reported for the construction industry, resulting in an average fatality 
rate of 3 per 100 000 workers. This was nearly twice the Australian national average fatality 
rate of 1.76 recorded for all industries. During 2014 to 2015, the construction industry also 
recorded 12575 serious claims for disease and injuries constituting 11.7% of the national 
serious workers’ compensation claims (Safe Work Australia, 2018). 
The dangerous nature of the construction industry has encouraged attempts to improve work 
health and safety (WHS) performance of the industry in Australia. Recently, the 
Commonwealth government has identified the construction industry, under the Australian 
WHS Strategy 2012-2022, as an industry to receive priority attention. 
Traditionally, construction firms have been held responsible for on-site WHS. Initiatives by 
construction firms to improve WHS have led to significant improvements in the industry’s 
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WHS performance. However, there remains a residual level of WHS issues that is resistant to 
change (Lingard et al., 2015).  
There is emerging evidence that further improvements in WHS require more integrated non-
linear approaches to WHS risk management which are supported by early-stage collaboration 
and effective interaction within and between two groups of project participants:  
1. Those involved in designing the final product – that is, building, structure, and facility 
(design decision-makers). 
2. Those involved in making decisions about the construction process (construction 
process decision-makers).  
Design decision-makers 
Many have argued that the role and position of designers enable them to influence 
decisions that can eliminate hazards before work commences at a construction site. 
Designers sometimes make choices (either implicitly or explicitly) about the methods of 
construction and materials used. Those choices can impact markedly on the WHS of those 
who build, occupy, maintain, clean, renovate, refurbish or eventually demolish 
buildings/structures (European Construction Institute, 1996; Hinze & Gambatese, 1994). 
Gambatese and Hinze (1999) suggest that if designers address construction workers 
safety, common safety hazards can be eliminated and worker injuries reduced. However, 
designers typically focus on the structural features of a building/facility and are concerned 
with addressing the requirements of those who occupy or use the building/facility. 
Designers are less familiar with constructability and WHS aspects associated with 
constructing and maintaining a building/facility or with manufacturing, transporting and 
installing its components. Consequently, the designers may not readily recognise the 
impact their decisions could have on the construction process and the WHS of those who 
undertake construction tasks. 
Construction process decision-makers 
It has been proposed that there are considerable benefits in involving constructors early in 
design decision-making interactions because of their knowledge and experience in 
relation to construction process (Lingard et al., 2014a). Song et al. (2009) identified three 
primary benefits: 
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• Constructors have specialised training, knowledge and experience in applying 
construction materials and methods. 
• Constructors are in the best position to provide advice about WHS hazards/risks 
and ways to mitigate them in construction activities. 
• Constructors are responsible for a project’s construction operations – they have a 
strong motivation and interest in ensuring work is performed with minimal risk to 
health and safety. 
Collaboration and effective interaction within and between design and construction decision-
makers at early stage of construction projects can facilitate the integration of construction 
process knowledge into design decision-making process. Previous research has suggested that 
making construction process knowledge available to decision-makers in early project stages 
can be associated with better WHS outcomes (see Lingard et al., 2014a). However, research 
has also shown that in practice, often, there is not enough collaboration and effective 
communication between design and construction decision-makers to support the required 
knowledge exchange (Donaghy, 2009; Atkinson & Westall, 2010; Baiden & Price, 2011; 
Zhou et al., 2012). 
 
 Safety in design 
During the past two decades, research has improved the understanding about the causes of 
construction accidents/incidents. There has been growing recognition that the root causes of 
WHS incidents on construction sites can be traced back to problems inherent in systems of 
work conceived in the early lifecycle of a construction project (e.g., planning and design 
stages). Contemporary models of accident causation highlight the role of organisational 
issues, management actions and early decisions in contributing to workplace accidents (see 
for example: Reason, 1997; Suraji et al., 2001; Haslam et al., 2003). In the same way, some 
construction accidents can be, at least in part, attributed to failures arising before on-site 
activities start (Lingard et al., 2015). 
In particular, design decision-making has been identified as a cause for on-site accidents by a 
number of researchers. For example, in the United Kingdom, Haslam et al. (2003) and Gibb 
et al. (2004) explored the causes of 100 non-fatal accidents in the construction industry. In 
47% of cases, researchers found evidence that permanent works design contributed to the 
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occurrence of construction accidents. In the USA, Behm (2005) reviewed 224 fatality reports 
from the National Institute for Occupational Safety and Health’s database (FACE). He 
reported that design was a causal factor in 42% of the reviewed cases. The result of Behm’s 
study was further validated by Gambatese et al. (2008). In Australia, Driscoll et al. (2008) 
reported that 44% of their reviewed construction fatalities were “design-related”. 
Consequently, it has been proposed that designers should recognise their role in improving 
the health and safety of people involved in subsequent phases of a project (Gambatese et al., 
2008). Gambatese and Hinze (1999) suggest that if designers consider the safety of 
construction workers in the design process, some common safety hazards can be eliminated 
and worker injuries can be reduced. The reason is that designers’ choices of material and 
structural features can impact on the WHS of those who are involved in construction, use, 
maintenance, renovation and demolition of buildings/facilities (European Construction 
Institute, 1996; Hinze & Gambatese, 1994). 
Following this perspective, the opportunities to effectively eliminate or substitute WHS risks 
are arguably reduced at the construction stage. This argument is linked to Szymberski’s 
(1997) concept that it is ideal for construction safety to be a prime consideration in the 
conceptual and preliminary design stages of projects. Szymberski’s time-safety concept, 
which is widely cited and almost universally accepted, suggest that the ability to influence 
safety deteriorates rapidly as the project passes through the pre-construction stages and 
subsequently, at the commencement of construction, the ability to influence safety is very 
low. This is because the key decisions, and the WHS consequences that flow from the 
decisions, are already fixed and the possibility to make major design changes is low at the 
construction stage. Ironically, in practice, the majority of WHS decisions are still left to the 
parties engaged in the construction stage. The problem stems from the traditional, yet 
prevailing, mindset in the construction industry assuming that constructors are best positioned 
to deal with the construction risks. This mindset is reinforced by traditional procurement 
methods which separate design and construction functions and seek to allocate the 
construction risks away from clients by transferring them to the parties downstream. The 
result is a high reliance on less effective risk controls which mainly focus on workers’ 
behaviour (such as PPE, safety rules and inductions) rather than addressing the WHS issues 
at source. According to established risk management frameworks (like the hierarchy of 
control concept), behavioural controls are understood to be the least effective solutions to 
address risks. 
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Recently, proactive practices of anticipating and ‘designing out’ WHS risks at early project 
stages (referred to as “safety in design”) are becoming more accepted in the construction 
industry. The concept of safety in design (SiD) is defined as: 
… modifications to the permanent features of the construction project in such a way 
that construction site safety is considered; attention during the preparation of plans 
and specifications for construction in such a way that construction site safety is 
considered; the utilization of specific design for construction safety suggestions; and 
the communication of risks regarding the design in relation to the site and the work to 
be performed (Behm, 2005, p. 590). 
A growing number of construction companies have included a “safety in design” process as 
part of their safety management and risk management procedures. Moreover, legislation has 
been passed in some countries (e.g., in the UK’s Construction (Design and Management) 
Regulations 2015) establishing specific duties for construction design professionals in 
relation to the WHS of people who build, occupy and maintain buildings. In Australia, Model 
Work Health and Safety Regulations (as at 28 November 2016), in all states except Victoria, 
requires designers of buildings and structures to consider construction WHS in their decision-
makings. 
 
 Problem statement 
Despite the growing momentum surrounding safety in design (SiD), research has shown that 
designing for WHS has still not been effectively implemented in the construction industry 
(Gambatese et al., 2005; Brace et al., 2009; Tymvios & Gambatese, 2016a). In fact, in many 
cases, the implementation has been limited to delivering modest reductions in WHS risks 
rather than eliminating inherently dangerous activities (Atkinson & Westall, 2010). The main 
issue is that the efforts to implement safety in design in the construction industry have failed 
to acknowledge and cope with the special characteristics of the design process. This problem 
is explained from different perspectives in the rest of this section. 
First, there is a failure to recognise the complexity and dynamism of design processes in the 
construction industry. There is a tendency to assume design can be decomposed easily into 
component parts and consequently it is regarded as a simple, linear process. In reality, the 
design process is dynamic, iterative, and comprises a vast number of interrelated tasks. 
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Consequently, safety in design related practices have attempted to superimpose a standard 
WHS risk management process on design activities. This has led to development of 
systematic linear procedures for identifying hazards, assessing risks, and selecting 
appropriate risk controls prior to specific ‘hold points’ in developing a design solution 
(Lingard et al., 2012). This approach lacks the flexibility to cope with adaptive decision-
making in the design process and tends to leave out emergent hazards. The underpinning 
assumptions are that once made, design decisions are fixed and all hazards can be clearly 
identified through applying the linear process of risk management. Any hazards not identified 
at this step will be excluded from the subsequent analysis of WHS risks. Thus, standard WHS 
risk management processes fail to deal with emergent hazards (Lingard et al., 2012). 
Another issue with applying standard risk management methods to the design process is the 
assumption that a project can be decomposed into its components (e.g., into separate 
specialist design packages for which a specific consultant is held responsible), enabling risks 
inherent in each of those parts to be identified and controlled (Lingard et al., 2012). However, 
it has been argued that decomposition models are not appropriate for the analysis of complex, 
non-linear, dynamic systems, like construction projects (Cooke-Davies et al., 2007). For 
example, Lingard et al. (2011, 2012) studied WHS related design decision-making and 
identified repeated interactions between design functions, professional contributions and 
facets of the external environment. They conclude that these interactions create emergent 
properties for the whole system that cannot be identified or anticipated, even with a good 
understanding of individual components. In response they call for the use of methods that are 
more holistic and qualitative in the analysis of project processes (Lingard et al., 2012). 
Apart from failing to deal with the complexity of the design process, there are problems 
inherent in trying to ascribe WHS responsibility to “the designer” – an abstract, undefined 
socio-technical role. This problem is present in previous research, WHS related legislation, 
and the industry’s approach to WHS management: 
• SiD related research mostly has focused on the link between design activity and 
construction hazards by retrospectively identifying WHS problems observed at the 
construction stage and suggesting there are ways through which “the designers” could 
have prevented those issues (see for example: Behm, 2005; Gambatese et al., 2008).  
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• In addition, WHS legislation tends to attribute WHS responsibilities to “the designer” 
(see for example, Model Work Health and Safety Regulations, Safe Work Australia, 
2014). 
• Standard WHS risk management approaches and tools (e.g., safety in design risk 
registers) prevalently used by the construction industry try to identify risk control 
responsibilities for specific individual stakeholders who are assumed to be in charge 
of specific project components. In addition, risk transfer is a predominant risk control 
approach in project organisations, assuming that a specific party is best placed to deal 
with WHS related risks. 
The general assumption above is that there is a specific role (individual or organisational) in 
charge of design decision-making for each project component. This simplistic view of the 
design process fails to consider the collective nature of design decision-making. The reality is 
that in construction, design involves a network of tasks. It requires contributions from many 
specialist domains and involves a complicated “web” of inter-organisational relationships.  
In construction, suppliers and subcontractors are often the parties that display innovation and 
independent decision-making in designing and manufacturing specialised building 
components (Gray & Flanagan, 1989; Slaughter, 1993). Construction is characterised by 
increasing product complexity and specialist contractors are often responsible for detailed 
design of specific building elements (Haviland, 1996). Wright et al. (2003) concede that 
safety in design solutions are often driven by building system manufacturers rather than by 
principal design consultants. Similarly, Lingard et al. (2012; 2013) indicate the substantial 
role played by regulatory bodies and local authorities in shaping design decisions. They 
conclude that it is unrealistic to sustain the view that design decisions are the sole preserve of 
“the designer”. 
Collaborative design development is the basis for building sustaining relationships that 
accommodate complexity and reduce uncertainty (Austin et al., 2007, p. 8). Through 
collaboration, knowledge and information can be shared between individual parties and there 
would be less reliance on inaccurate assumptions. This is particularly important in relation to 
safety in design, which involves knowledge from two main areas: the design of the final 
product (building, structure, or facility), and the design of construction process. Yet, a main 
issue identified by researchers is that design professionals in the construction industry mostly 
possess limited knowledge of construction and maintenance processes (Yates & Battersby, 
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2003; Gambatese et al., 2005). This is partly because design professionals have traditionally 
focussed on the requirements of end-users of a facility or building rather than those who 
undertake the construction and maintenance works (Hecker & Gambatese, 2003). As Lingard 
et al. (2014b) suggest, the problems can be overcome by ensuring that: 
• a genuine lifecycle approach to safety is adopted in design; and 
• design decisions are informed by construction (and WHS) knowledge (through 
collaboration). 
Effective communication between project participants involved in the design and 
construction stages of construction projects has great potential to facilitate collaboration and 
address the knowledge gaps mentioned above. However, in practice, the organisational and 
contractual separation of the design and construction functions acts as an impediment to 
freely and effectively flowing communication (Lingard et al., 2014b; Atkinson & Westall, 
2010) and can negatively influence desired outcomes, including those related to WHS 
(Baiden & Price, 2011; Donaghy, 2009; Lingard et al., 2014a). Despite the acknowledgement 
of these problems, few empirical studies have explored how to achieve improved WHS 
outcomes by focusing on segregation and communication problems in construction projects. 
Hare et al. (2006) cite several mechanisms that substantially assist with integrating WHS into 
project planning and design decision-making: 
• two-way communication between designers and constructors; 
• the early involvement of the constructor; 
• participation in health and safety workshops; and 
• collaborative brainstorming. 
Research evidence has reflected improved WHS outcomes when specialist contractors are 
involved early in design decision-making (Franz et al., 2013). Improved “constructability” is 
often claimed to result from collaborative or integrated approaches to project delivery and 
that, by implication, WHS is also enhanced (Bresnen & Marshall, 2000; Kent & Becerik-
Gerber, 2010). However, some researchers caution that the implied link is not 
straightforward: 
• Ankrah et al. (2009) observe that the procurement method will not generate, as a 
matter of course, a positive cultural orientation to WHS. 
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• Atkinson and Westall (2010) point out that integrated project delivery does not 
guarantee improved safety outcomes. 
In summary, an existing challenge for implementing safety in design in the construction 
industry is that, in most cases, there is not enough collaboration and effective communication 
to support the effective implementation of safety in design. Even in cases where systems and 
processes have been put in place to facilitate collaboration and communication, they have 
failed to cope with the complex and dynamic nature of the design process. It is concluded that 
to better exploit the WHS improvements intended by safety in design, there is a need to 
understand and find ways to enhance communication and collaboration in the complex and 
dynamic context of construction projects. This understanding and enhancement effort should 
be based on acknowledging and accepting the special characteristics of the construction 
design process – especially the complex, dynamic and collective nature of design decision-
making – rather than relying on simplistic and unrealistic assumptions about the design 
process. 
 
 Research gap 
Decisions at an early stage of design often have unexpected impacts on later stages of 
projects, and as design advances, modifying such decisions becomes more costly and harder 
because any change can affect many other design parameters and create more iterations 
(Pektas et al., 2006). To reduce the unexpected impacts, assumptions about early design 
aspects need to be more accurate and/or enough tolerances should be considered to 
accommodate future changes. This, in turn, requires collaboration and effective 
communication to make the right information available to the right participants at the right 
time (Pektas et al., 2006). Failures in delivering expected outputs in the early design stage are 
associated with poor communication, ineffective collaboration, not appreciating the 
complexity and interdisciplinary nature of the design process, and weak decision-making 
(Austin et al., 2002).  
Austin et al. (2007) suggest that collaborative design needs an easy flow of information 
between all parties outside the rigid structures forced by contractual arrangements. According 
to Chinowsky et al. (2011), an effective level of exchange between parties involve the 
exchange of both explicit and tacit knowledge to resolve inter-task issues as they arise; 
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however, the unstable context of construction projects and insufficient past working 
interactions between parties create challenges for effective collaboration. This has mostly 
directed project team efforts to building reactive communication networks that are efficient in 
meeting particular project needs, but may lack the characteristics of an effective network 
(Chinowsky et al., 2011). 
In the context of safety in design, although collaboration and effective communication have 
been mentioned as requirements for effective safety in design implementation, few studies 
have actually delved into the nature of communication and collaboration in relation to safety 
in design decision-making as it happens in the real complex and dynamic context of the 
construction design process. In other words, researchers have not yet undertaken a 
comprehensive analysis of the way in which diverse relationships and social interactions 
between participants in the design process shape and affect construction WHS outcomes.  
First, despite recognising the networked nature of relationships and interactions in 
construction projects, there are few studies that have taken a network perspective to observe 
collective interactions and negotiations in live projects as design decisions unfold and 
participants’ roles and interests change (see Tryggestad et al., 2010; Lingard et al., 2012). In 
the context of construction WHS, the application of Social Network Analysis has shown that 
effective interaction between those involved in the design of the structure (building or 
facility) and the construction process is linked to improved WHS outcomes (Lingard et al., 
2014a). Nevertheless, these applications have mostly been cross-sectional, and as such they 
have not considered that networks are dynamic and evolve over time. By taking a snapshot of 
the social network or by aggregating the social interactions over periods of time (e.g., 
normally over the whole project), these studies have assumed a static and lasting pattern of 
interactions between project participants. Using this approach, the social network data has 
often been collected post-project by asking participants to share their recollections about 
project interactions and communication patterns during the project. This approach assumes 
stability in social network over time; thus, it does not recognise the complexity and 
dynamism of the construction project environment. Consequently, there is a requirement for 
detailed studies of relationship and interaction networks in relation to construction WHS that 
capture the changes of interaction patterns as individual decisions are made and revised. 
Second, where network-based methods have been used to observe relationships and 
interactions in relation to project outcomes, the link between network measures and project 
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outcomes is not clearly explored and established. Most of these studies refer to the 
coexistence (correlation) of particular network patterns/measures and specific outcomes, and 
consider it as evidence for a link between those patterns and outcomes. For example, a high 
number of direct links between network members, indicated by a high network density, has 
been linked to better knowledge sharing and higher performance in project teams (see for 
example, Chinowsky et al., 2008). This approach is limited in that it does not reveal the 
nature of this link nor properly explain the relation between the network characteristics and 
project outcomes. It is argued that there is a need to explore the mechanisms through which 
network characteristics affect project outcomes (in this case, safety outcomes). Put 
differently, a framework is required that establishes strong relations between dynamic social 
processes and project outcomes, such as WHS performance. Only with this level of 
understanding can solutions be identified to effectively implement safety in design. As 
highlighted by Lingard et al. (2012), in the collective, reflexive, and uncertain context of 
design, it is imperative that any research investigating the development and implementation 
of safety in design processes should take into consideration the reflexive (and interactive) 
nature of design work, and explain the way in which processes and/or tools “fit” within 
design work. 
 
 Research aim, question and objectives 
This research built on previous research in relation to safety in design by proposing safety in 
design implementation as a process involving social interaction and collaborative decision-
making. The research was driven by the aim to investigate the way in which interaction 
networks support collaborative design decision-making and impact upon construction WHS 
in the complex and dynamic context of construction projects. This understanding is expected 
to contribute to more effective implementation of safety in design in the construction industry 
as a proactive way of achieving better WHS outcomes. In achieving this aim, this research 
borrowed from design and social network theories. The research mapped and explored the 
quality, nature and features of the social interactions between design and construction 
participants during design decision-making to respond to the following question: 
What are the characteristics of effective communication in relation to WHS related 
design decision-making and how does effective communication contribute to the 
achievement of safety in design? 
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To answer the above question, the following set of research objectives was formulated: 
1. To investigate the interaction network patterns that underlie WHS-related decisions and 
negotiations in construction projects. 
2. To identify specific features of these interaction networks. 
3. To determine which features are linked to better WHS decision outcomes. 
4. To investigate the way in which these features influence WHS-related decision outcomes. 
4.1. To investigate how social interactions provide the required information for making 
decisions with the potential to impact WHS in construction. 
 
 Research methodology 
The research approach in this study was in line with the pragmatic worldview which 
advocates the application of a variety of approaches to understand the research problem by 
considering both “what” and “how” questions (Cresswell, 2014). The researcher employed 
methods from both quantitative and qualitative approaches through adopting a convergent 
mixed method design. This was due to the nature of the research problem which could be best 
understood using both quantitative and qualitative perspectives.  
Decision-making about WHS is a complex process which involves interaction between 
participants with different risk perceptions. Thus, investigating the pattern and configuration 
of interactions during decision-making is essential to find out “what” the characteristics of 
effective communication are in relation to WHS-related design decision-making. In addition, 
considering project participants’ attributes (such as roles and viewpoints) as they make 
decisions is an important step in explaining “how” and “why” social intra-project interactions 
take place and affect WHS related technical outcomes. In particular, qualitative data about 
the participants’ roles, requirements, the quality of their relations, and the content of their 
interactions, can help to understand “how” networks change and “why” certain outcomes 
emerge in projects. According to Loosemore (1998:315), “both quantitative and qualitative 
methods have a role to play in understanding the complexity of people’s changing social 
roles, positions and behaviours within construction organisation”. In a recent longitudinal 
case study, Pirzadeh and Lingard (2017) combined SNA and in-depth interviews to account 
for the dynamism and temporal nature of the design process and its underpinning interactions. 
As the study revealed, each decision-making scenario involved specific knowledge sources 
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and interactions. Consequently, the participants in making each decision, and the pattern of 
interaction between them, were specific to that scenario and changes were observed during 
the decision-making. 
At an early stage of this PhD research, a comprehensive review of the literature was 
undertaken in relation to “safety in design” as well as design decision-making and social 
network theory in construction, and research objectives were formulated and refined. To 
achieve the research objectives, a case study approach was adopted during which an existing 
dataset was analysed. Throughout the analysis, in order to recognise the complex socio-
technical nature of the design process, qualitative and quantitative data were integrated and a 
multilevel network framework was developed. In addition, the dynamism of interaction 
patterns was captured by mapping interaction patterns at each decision point along the design 
decision-making process. To strengthen the study findings and conclusions, multiple 
perspectives were considered, multiple sources of data and analytical techniques were used, 
to facilitate the triangulation of data, evidence and analysis. The research methodology and 
methods for this study are discussed in detail in the Research Design and Methodology 
chapter. 
 
 Scope of this study 
This study was undertaken to investigate the nature of effective and collaborative interaction 
that supports safety in design decision-making. As such, the study has focused on design 
decision-making and its impact on construction workers’ WHS. The case studies were from 
industrial, commercial, residential and public construction sectors in Australia and New 
Zealand. Each case study focused on a project element which presented particular WHS 
challenges for construction. During each case study, the researcher investigated the design 
decisions which impact on construction WHS, and the interactions between project 
participants involved in making those decisions. 
Communication was considered, in its generic form, as interaction and information 
exchanges between participants in design decision-making. All means of communication 
were considered together and were not distinguished separately. Similarly, no separation was 
made between types of commination (e.g., face-to-face versus remote, or formal versus 
informal). The reason for this approach is that previous research has indicated that a 
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significant amount of information exchange in construction projects takes place through 
informal communication (Pektas et al., 2006). The information exchanges between 
participants were captured longitudinally over the duration of the design decision-making 
process to account for the dynamic nature of these interactions. Moreover, to consider design 
changes, the decision-making process was mapped over the planning and design and 
construction phases of projects. This enabled the researcher to obtain a comprehensive view 
of the design decision-making and include both original decisions and revised decisions in 
case design decisions were revised during the design or construction stages. 
Moreover, a social perspective was adopted to investigate design decision-making and its 
underpinning interactions. Design was conceptualised as a collective undertaking; hence, the 
psychological characteristics and attitudes of individual participants were not considered. 
These decisions were in line with the aim of this study which was to explore the role and 
characteristics of effective information exchanges and knowledge transactions in supporting 
effective safety in design decision-making. 
 
 Outline of the thesis 
This thesis includes 6 chapters and two appendices. In chapter 1, an overview of the study is 
provided. The chapter starts with the explanation of the industry problem, the research 
context, and the research problem and gap which this study focused on. This is followed by 
the articulation of the research aim and objectives and a brief description of research 
methodology. In chapter 2, a comprehensive literature review is undertaken. The literature 
review covers key concepts and prior research about safety in design, design decision-
making, and the application of social network theory in construction. In chapter 3, the 
research methodology and methods applied in this study are described in detail and the 
research design is explained. In addition, the characteristics and suitability of the data for the 
study are discussed, and the application of a case study approach and a multilevel analytical 
framework are justified. Chapters 4 and 5 include details of the case studies. In Chapter 4, the 
case studies selected for this research are described and the results of individual case studies 
are provided. Each case study is dealt with separately and independently. In chapter 5, the 
results of the cross-case comparison and analysis are presented. Last, in chapter 6, the study 
results are summarised and the findings are discussed against the research objectives. The 
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chapter concludes with explaining the research contributions and the limitations of this study, 
as well as recommendations for future research. 
 
 Summary 
This introductory chapter provides an overview and general context for the thesis. The 
prevalence of accidents and injuries in the construction industry, and the resultant financial, 
psychological and productivity concerns, was represented as an industry problem requiring 
effective solutions that target WHS hazards at source. This was followed by the description 
of safety in design as the context of this study. The existing issues in relation to effectively 
implementing safety in design were highlighted and the necessity for the research was 
justified. Subsequently, the purpose and objectives of the current study were presented and 
the selected research methodology, methods and design were described. Finally, the scope of 
the study and the structure of the thesis were presented. 
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Chapter 2 – Literature review 
 Introduction 
Following the introduction provided in the previous chapter, this chapter brings together the 
relevant literature to expand on the context of this study and the research problem under 
investigation. The chapter begins with a discussion of design decision-making process and its 
special characteristics in construction projects. Subsequently, existing research and practice 
in relation to safety in design are presented and critically reviewed in light of the special 
characteristics of design decision-making. Building on the review of the literature, a social 
viewpoint on safety in design implementation is proposed. This proposition constitutes the 
perspective adopted and which guided the research exercise in this study. The chapter then 
discusses the social context of construction projects and the previous research linking this 
context to various aspects of project performance.  
 
 Design in construction 
2.2.1 Design process 
In construction, design process involves transforming client’s objectives and requirements 
into a concept and articulating this concept in the form of technical outputs such as models, 
drawings and specifications which guide the construction process. During this process, the 
features of the final product (i.e., the building or facility to be constructed) are defined which, 
in turn, influence the construction approach. This transformation is not straightforward. The 
reason is that clients’ objectives and requirements are not normally stated clearly and 
completely at the outset (Gray & Hughes, 2001). Consequently, the design process 
encompasses interpretations, idea generation and comparison, decision-making and revisions 
within the limits of possible options, and repeated problem-solving to address emergent 
issues. The intent is to achieve a high-quality design solution which addresses the client’s 
objectives within the constraints of time, cost, site environment and available technology. 
While design activity is traditionally conceptualised as a creative and personal activity (Gray 
& Hughes, 2001; Lawson, 2005), the complexity of modern buildings and facilities has made 
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it almost impossible for an individual to undertake design work alone. Consequently, modern 
design work involves an evident level of differentiation with inputs from different 
participants from various organisations at different tiers of the supply chain. The participants 
include clients, sponsors, architects, engineers, project managers, constructors, suppliers, 
subcontractors, authorities and government bodies, and end-users. These participants bring 
different sets of skills, perceptions and requirements to the design process. They engage in 
formal and informal interactions and negotiations with each other through which they make 
contributions to, and influence the outcomes of, design decisions. The level of differentiation 
in terms of skills and orientation needs to be suitable for the complexity of the design work, 
and should be matched with a corresponding level of integration and coordination (Gray & 
Hughes, 2001). 
 
2.2.2  Stages in design process 
Design process comprises several stages. The process is typically initiated by the 
appointment of architects and design consultants after client’s decision to begin the project. 
The initial expression of client’s needs, objectives and priorities is then prepared in the form 
of briefing documents. Other details in “the brief” may include the scope of work, available 
site information, quality standards, budget and business case. Construction professionals may 
also be involved in this stage depending on the procurement arrangements for the project. 
This is the first step for generating design information which subsequently informs the 
development of concept design.  
The next stage is the development of conceptual and schematic design. During this stage a 
preliminary concept is formulated with consideration of the specific information and 
requirements described in the brief, and an “outline proposal” is developed by the designers 
(Tunstall, 2006). This concept is then further refined based on the feedback from the client, 
members of the design team and the project manager, and is converted into a specific design 
scheme and sketch drawings (Uher & Loosemore, 2004). At this point, approval of the 
proposed design scheme is sought from the client and subsequently from the local regulatory 
authority. After gaining these approvals, the design activities continue to the preliminary 
design stage.  
According to Uher and Loosemore (2004), the aim at the preliminary design stage is to 
formalise the approved design scheme into a coherent design which includes more 
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architectural, structural and services components details. The design team considers structural 
systems, construction material and techniques, and verifies performance requirements. As 
more design details are decided at this stage, a more accurate estimate of the construction cost 
can be prepared by the quantity surveyor. After the approval of the preliminary design by the 
client, the design process proceeds to the final stage – the development of detailed design and 
final documentation.  
At the detailed design stage, the design is finalised across all disciplines including 
architectural, structural, services and landscape, and the final design documentation is 
produced. The final design is expected to address the project objectives, technical, functional 
and aesthetic requirements, and to comply with all relevant codes and regulations (Uher & 
Loosemore, 2004). To ensure compliance with building codes and regulation, an application 
for building approval is lodged. Before proceeding to the construction stage, the final 
estimate of construction cost is prepared. The final design documents produced at this stage 
will be the basis for preparing construction plans and documents. It is important that the form 
of information and the level of detail provided for the construction stage be appropriate for its 
use, and the real needs should be agreed between designers and constructors (Gray & 
Hughes, 2001). 
 
2.2.3  Characteristics of the design process 
Construction design is a complex process. Baccarini (1996) relates complexity to the 
existence of many varied, inter-related parts associated with high levels of differentiation and 
interdependency. Lingard et al. (2012) identify two types of complexity inherent in the design 
process: organisational complexity and technological complexity. On the one hand, the 
organisational complexity stems from a significant division of tasks, involvement of multiple 
organisational units from different hierarchical levels, multiple specialisations and many 
interdependencies between organisational elements (Lingard et al., 2012). Consequently, 
design teams are referred to as “temporary, multidisciplinary and network-based 
organisations” (den Otter & Emmitt, 2008). 
On the other hand, the technological complexity of the design process arises from the 
involvement of a network of tasks, requiring contributions from many specialists and many 
interdependencies between technologies, tasks or inputs in the form of a complicated network 
of inter-organisational relationships (Pietroforte, 1995, 1997; Nicolini et al., 2001; Lingard et 
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al., 2012). Lingard et al. (2011) indicated how design outcomes emerge from a network of 
inter-related decisions made through repeated interactions between multiple stakeholders. 
Their research also reflected the complex structures of information exchanges that support the 
design decision-making process as well as the structures of governance that influence the 
roles, authority and power relations between project participants. 
The complexity in the design process is not necessarily a negative feature and is regarded as 
“a necessary part of a flexible and responsive industry” (Gray & Hughes, 2001, p. 11). These 
authors further argue that the presence of complexity is not a problem in itself; the real 
problem is the inability to deal with it. 
Design is a multidisciplinary process. As a result of the growth in the complexity of 
construction methods and techniques, the design and construction processes have 
progressively become more specialised. This specialisation has increased the number of 
participant organisations and individuals with design responsibility (Austin et al., 2007). 
Often, the knowledge needed to make design decisions resides in more than one design 
participant (Pektas et al., 2006). 
Modern design activity is increasingly reliant on specialist knowledge. Hence, design process 
is characterised by frequent information exchanges and reinforcement of knowledge (Gray & 
Hughes, 2001). The timely and effective exchange of accurate, fully coordinated and 
complete information between participants is critical for completing design tasks (Baldwin et 
al., 1999; Gray & Hughes, 2001) and to ensure components are compatible (Gray et al., 
1994). Baldwin et al. (1999) cited the NEDC report from 1987 which indicated that more 
than half the problems on UK building sites were related to poor design information. The 
problems were more significant than those related to site management and workmanship. Just 
in terms of cost, they stated that it normally cost 12-15% of the construction cost to rectify 
those problems. 
Similarly, Tryggestad et al. (2010) view construction design work as a collective activity 
characterised by social negotiations among coalitions of parties and distributed knowledge 
production. As they revealed, design is a reflexive and continuous process of (re)design 
activities which accommodate transforming interests of participants. Design goals are not 
invariant inputs established at the outset of a project and which remain unchanged. Rather, 
design goals evolve through a flexible process of revisiting ambitions and engaging in “trade-
offs” to find practicable solutions to emergent problems (Tryggestad et al., 2010). 
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Gray and Hughes (2001) highlight the need for integrating and coordinating participants’ 
contributions to design work which is the consequence of its collective nature. As they 
explain, coordination is required for ensuring that the outputs from participants are mutually 
sympathetic and directed towards the project objectives, and that conflicts are resolved. To 
achieve this, information needs to flow from one participant to another. Integration, on the 
other hand, is for unifying the participants’ diverse contributions into a “cohesive team 
effort”. To ensure this, information should flow between all participants. 
Iteration is a typical characteristic of the construction design process. Iteration implies 
refinement and is usually required for two reasons: 1) an unexpected failure to meet design 
requirements, and 2) a response to the late availability of new information (Pektas et al., 
2006). Minimising unexpected iterations is desired in design management. One way of 
achieving this is to improve information quality and reduce uncertainty in decision-making 
through timely supply of information and involving appropriate participants in the design 
process. In addition, faster iterations (less rework) are achievable by improved coordination 
of design activities (Pektas et al., 2006). 
The iterative nature of the design process adds to its complexity and creates difficulties for 
using typical design management techniques. The reason is that most planning and 
visualisation techniques (like CPM and PERT) are suitable for sequential or parallel 
processes (Baldwin et al., 1999); thus, they fail to accommodate the non-linear and complex 
interdependencies and feedback loops of the design process. 
The interdependency inherent in construction design is indicated in research by Austin et al. 
(2000) who report that a typical building design process can comprise between seven and 12 
iterative loops. Each of these iterative loops consists of between five and 30 interrelated 
tasks. They also examined the design process of a hospital project and identified around 800 
tasks and 10,000 information dependencies. Looking at specific phases in design, Austin et 
al. (2001) found high interdependency within and across activities in the conceptual design of 
a single building element. What is more, they identified “the process of social interaction” 
(i.e., the transfer of information, opinion and ideas) between design team members as a 
critical component of conceptual design activity. Similarly, Austin et al. (2002) represented 
the schematic design process as a network of tasks linked by information flows. They 
reported a network comprising some 150 tasks and 1,500 information flows. They further 
Chapter 2 – Literature review  
21 
 
identified around 580 tasks and 4,600 information requirements in the detailed design 
process. 
Lingard et al. (2011) argue that the iteration, interdependency and specialisation inherent in 
the construction design process, which involves recurring inputs from a number of 
participants, makes it unrealistic to identify and ascribe design responsibilities to a single 
party. From a governance perspective, new forms of procurement tend to accommodate this 
perspective by adopting a collaborative and network view of the design process. This is 
evident by changes to roles and responsibilities within the new forms of project coalition. For 
example, Pryke and Smyth (2006) refer to the change in the role of the lead designer, from 
being an independent consultant under traditional procurement, to having a more integral role 
in the construction process under design and build procurement. As they further state, a 
recent more radical change is that the design coordination role has moved away from a single 
designer to the “cluster leaders” who are in charge of groups of subcontractors and suppliers 
(Pryke & Smyth, 2006). These changes have been attributed to the shifting of detailed design 
knowledge to lower levels of the supply chain caused by the increased technical complexity 
of construction projects (Pryke, 2012). 
Research has revealed the roles that different groups of participants play in shaping design 
decision-making. Particularly, suppliers and specialist subcontractors have been recognised 
for demonstrating innovative and independent decision-making in designing and 
manufacturing specialised building components (Haviland, 1996; Lingard et al., 2012). 
Similarly, external stakeholders are identified as playing a significant role in shaping design 
decisions (Lingard et al., 2012).  
Indeed, there is a growing recognition that modern building design is a collective and 
interactive process which involves complex and dynamic interdependencies between 
activities, decisions and among participants, and is thus best undertaken collaboratively. 
These special characteristics need to be recognised during the efforts that seek to achieve 
specific outcomes from the design process. “Safety in design” is such an effort which seeks to 
enhance workers’ health and safety during the design process. 
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 Safety in design1 
Attempts to improve the effectiveness of WHS systems by using high level risk controls 
implemented at the design stage are referred to in various ways, such as “safe design”, 
“prevention through design”, “safety in design”, and “design for construction safety”. 
Research literature about safety in design identifies design as having the potential to reduce 
the risk of accidents in construction, although the strength of the link between design and 
WHS performance is still unclear. Nevertheless, safety in design has been demonstrated as 
viable and effective in improving site health and safety. 
Recently, government policy in Australia and elsewhere has given prominence to approaches 
that anticipate WHS hazards in the early stages of projects (Creaser, 2008). These policy 
settings are a response to the capacity at the project design stage of identifying, and then 
eliminating or reducing, the root causes of construction accidents related to processes, 
structures, and plant and equipment (Schulte, 2008). 
Higher level risk controls characterise safety in design. Recent Australian research (e.g., 
Lingard et al., 2015; Lingard et al., 2014a) shows higher level risk controls are most likely to 
be present when: 
• WHS is considered by stakeholders in the design stage; and 
• constructors are involved in the design stage. 
In construction, the concept of safety in design is defined as: 
… modifications to the permanent features of the construction project in such a way 
that construction site safety is considered; attention during the preparation of plans 
and specifications for construction in such a way that construction site safety is 
considered; the utilization of specific design for construction safety suggestions; and 
the communication of risks regarding the design in relation to the site and the work to 
be performed (Behm, 2005, p. 590). 
                                                 
1 Parts of the literature review in this section have been published in: Lingard, H., Pirzadeh, P., Harley, J., 
Blismas, N. and Wakefield, R. (2014). Safety in Design. Melbourne, Australia: RMIT Centre for Construction 
Work Health and Safety (WHS) Research. 
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Promoting safety in design is a key action area in the Australian Work Health and Safety 
Strategy 2012-2022. The Strategy identifies construction as a priority area for action. 
Strategic outcomes to be achieved by 2022 are: 
• structures, plant and substances are designed to eliminate or minimise hazards and 
risk before they are introduced into the workplace; and 
• work, work processes and systems of work are designed and managed to eliminate or 
minimise hazards and risks. 
It is argued that designers are better positioned to make decisions that eliminate hazards 
before work commences at a construction site. Adopting this perspective has led to WHS 
legislation in all Australian states and territories which now specifies WHS duties for 
designers of buildings and structures. This means that responsibility for some aspects of 
WHS have been pushed up the supply chain and now rest with professional contributors in 
the planning and design stages. Behm (2005, p.608) notes: 
While the constructor will always bear the responsibility for construction site safety, 
utilization of the [safety in design] concept allows design professionals to participate 
in enhancing site safety. 
However, implementing safety in design in the construction industry presents a number of 
challenges. These arise because: 
• there is a lack of clarity about what is being designed. Safety in design advocates 
often fail to distinguish between design of a structure/facility to be constructed, design 
of the construction process, and design of equipment being used or installed during 
construction work; 
• there is a failure to acknowledge or address the complexity of design work in the 
construction industry. There is a tendency to assume that design can be decomposed 
easily into component parts and regarded as a simple, linear process. In fact, it is 
dynamic, iterative, and comprises a vast number of interrelated tasks; and 
• there are problems inherent in trying to ascribe WHS responsibility to “the designer” 
– an abstract, undefined socio-technical role. In construction, design involves a 
network of tasks. It requires contributions from many specialist domains and involves 
a complicated “web” of inter-organisational relationships. Arguably, what is needed is 
a broader stakeholder understanding of WHS roles and responsibilities. 
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In the rest of this section, the background to the safety in design concept, and the existing 
research in relation to its viability and effectiveness, are reviewed. The challenges for 
implementing safety in design, which were briefly highlighted above, are discussed with 
reference to the previous research and empirical evidence. Subsequently, efforts to implement 
safety in design in the construction industry, and several tools and techniques to support it, 
are identified and reviewed. 
 
2.3.1 Design as a causal factor in construction accidents 
Efforts to prevent occupational injury and illness are likely to be shaped by assumptions 
made about how injuries and illnesses occur. Hopkins (2005) identifies two broad sets of 
assumptions, which he terms “blaming the victim” and “blaming the system”. “Blaming the 
victim” explains occupational injury and illness in terms of the characteristics of workers that 
make them particularly susceptible. 
Alternative explanations of occupational injury and illness focus on social, technological and 
organisational causes, referred to as “blame the system”. The social relationships that 
underpin production (such as the pressure to maintain production, and bonus or piece-rate 
payment schemes) are seen as playing a key role in encouraging workers to ignore safe work 
practices. The physical/technological environment is also recognised as a source of 
occupational injury and illness. In many industries, it presents unusual (and sometimes 
extreme) hazardous conditions. Organisational breaches of work health and safety legislation 
and codes are common features of many incidents that lead to occupational injury or illness. 
In its most comprehensive expression, “blaming the system” approaches accidents as system 
failures in which accidents are explained as a complex interaction of plant and equipment, 
management systems and procedures, people and other human factor considerations. The 
design of workplaces and work systems has been identified as a causal factor in a number of 
causation models which attempt to trace accidents back to their “root causes”. 
Reason’s “Swiss cheese” Model 
Reason (1997) devised a generic model of accident causation. Known as the “Swiss cheese” 
model, it is depicted in Figure 2.1. This model is not specific to the construction industry. 
However, it has provided a key reference point for construction industry accident causation 
models (such as the Constraint- Response Model discussed in the next section). The power of 
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Reason’s model is that it reveals how accidents occur through the combined effect of 
organisational, local workplace and individual factors. 
Reason’s systems-based model supports analysis of how human error is induced by 
organisational factors such as: 
• how workplaces or systems are designed; 
• budget allocation; 
• communication; 
• planning and scheduling; and 
• unwritten rules about acceptable practices within the company. 
Workplace accidents can be traced back to these organisational and workplace factors, which 
Reason terms “latent condition pathways”. The pathway is an alignment of gaps or holes in 
organisational systems. Cumulatively, these gaps produce the circumstances for adverse 
safety outcomes. Circumstances which may result in accidents in local workplaces, such as 
construction sites, can arise because of management practices, priorities and decisions that 
lead to unrealistic work schedules, poor maintenance, understaffing, low pay, poor 
supervisor-worker ratios, ambiguous or unworkable procedures, or conflicting goals. These 
latent conditions interact with human behaviour (such as cutting corners, or prioritising 
delivery of materials over an unsafe work practice) to produce human error. 
Reason suggests that while many unsafe acts occur, only some unsafe acts result in accidents 
because systems have built-in defences. It is when the defences fail that organisational 
accidents occur. 
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Figure 2.1: “Swiss cheese” accident causation model (Reason, 1997) 
The Constraint-Response Model 
Suraji et al. (2001) describe the complex interaction of factors that contribute to the 
occurrence of construction site accidents. They propose a Constraint-Response accident 
causation model (see Figure 2.2). The model holds that the parties involved in each stage of 
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the construction project lifecycle (conception, design, and construction) experience 
constraints on their decision-making. Their responses to these constraints, in turn, constrain 
the actions of participants in the subsequent stages. Ultimately, unless carefully managed, the 
cumulative effect of constraints and responses will be experienced as hazardous site 
conditions, inappropriate work practices, or unsafe actions at the construction site. Thus, 
accident causes can be traced back from the immediate site level conditions, actions and 
practices, to the planning and control activities of site supervisors and managers, to 
subcontractors’ constraints and responses, to principal contractors’ constraints and responses, 
and to the constraints and responses experienced by designers and clients in the design and 
project conception stages (Suraji et al., 2001). 
The Constraint-Response causation model recognises ‘project design constraints’ (for 
example, conflicting project objectives, technical difficulties, time constraints) as 
contributing factors in the causal chain of events leading up to a construction accident. 
Designers’ responses to these constraints then become constraints experienced by the 
management team during the construction stage of the project; for example, a design that may 
be difficult and/or expensive to construct safely. These constraints accumulate as work flows 
from one stage to the next. The cumulative impact of the constraints may result in undesired 
events and outcomes, including accidental injury (Suraji et al., 2001). 
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Figure 2.2: Constraint-Response Model (Suraji et al., 2001, p.340) 
The Construction Accident Causality (ConAC) Model 
On behalf of the UK’s Health and Safety Executive, a 2003 report prepared by 
Loughborough University and the University of Manchester Institute of Science and 
Technology (UMIST) sought to test a holistic model of accident causation. The model was 
based on investigating the causes of 100 construction accidents. The research team obtained 
information from people involved in accidents, including the victims and their supervisors, to 
describe the processes of accident causation in construction. Based on their analysis, they 
developed a construction accident causality (ConAC) model. Figure 2.3 shows the ConAC 
model. 
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The ConAC model identifies originating influences affecting accidents in construction as 
including: 
• client requirements; 
• features of the economic climate; 
• prevailing level of construction education; 
• design of the permanent works; 
• project management issues; 
• construction processes; and 
• the prevailing safety culture and risk management approach. 
Deficiencies in the risk management system were apparent in almost all the 100 accidents 
studied. This represents a significant management failure. 
Project management failures were also commonly reported, most of which involved: 
• inadequate attention to coordinating the work of different trades; 
• managing subcontractors ineffectively; and  
• failure to ensure that workers on-site had the requisite skills to perform the work 
safely. 
The next level of contributing causes identified in the ConAC model is termed “Shaping 
factors”. This level includes issues such as: 
• the level of supervision provided; 
• site constraints; 
• housekeeping; 
• work hours; 
• the state of workers’ health and fatigue; and 
• poor communication within work teams. 
The ConAC model identifies the most immediate contributing causes of workplace accidents 
as: 
• the suitability, usability and condition of tools and materials; 
• the behaviour, motivation and capabilities of individual workers; and 
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• features of the physical site environment, such as layout, lighting and weather 
conditions. 
The ConAC model acknowledges that construction accidents occur as a result of a complex 
process, involving proximal causes as well as factors upstream of the construction work. 
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Figure 2.3: The ConAC model (Haslam et al., 2003, p.59) 
The Constraint-Response and ConAC models adopt a similar framework to that presented in 
Reason’s (1997) “Swiss cheese” model. However, the construction industry provides the 
context for the Constraint- Response and ConAC models. Consequently, they directly address 
some of the unusual organisational features of construction (such as producing a bespoke 
product for a particular client, separating design and construction, and extensive use of 
lengthy subcontracting chains). Haslam et al. (2005) found that in almost 50% of cases, a 
change to the permanent works design could have reduced the level of risk that preceded an 
accident. 
Table 2.1 summarises the accident models introduced above, and provides an overview of the 
extent to which design is described as a causal factor in construction accidents. 
Table 2.1: A review of accident causation models 
Model and 
reference 
Application 
area 
Comments 
Swiss cheese 
Model 
 
James Reason 
(1997) 
Generic The model originated from Reason’s early work in psychological error 
mechanisms. It is widely accepted in different fields.  
It indicates the complexity of accident causation. The value of the model 
for construction is that it draws attention to both:  
• proximal construction site circumstances, and  
• the importance of upstream organisational factors in 
contributing to accident causation.  
The model supports the notion that upstream project decision-makers 
(including designers, clients, and their professional advisors) must 
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participate in the network of those who are responsible for ensuring safe 
construction activities.  
Constraint-
Response 
Model 
 
Suraji et al. 
(2001) 
Construction The model recognises that upstream project constraints shape upstream 
decisions, including design decisions. These decisions impact on 
decisions made downstream in the project lifecycle, and so influence the 
causation of undesired events and outcomes. 
The model supports collaborative actions to enhance construction safety 
by holding everybody in the project’s interorganisational network 
responsible for promoting safety.  
The model highlights the effectiveness of upstream controls for dealing 
with high level conditions that contribute to accident causation – for 
example: 
• poor design, and 
• failing to incorporate construction safety as a project objective 
in conception and design phases.  
The model reflects: 
• the complex structure of the accident causation process, and  
• how the accident causation process is produced by interacting 
factors. 
However, the model takes a generic approach to construction safety. It 
does not differentiate between design of the construction process and 
design of the product (structure or building). 
ConAC model 
 
Loughborough 
University and 
UMIST (2003) 
Construction The model recognises “permanent works design” and “construction 
process design” as originating upstream factors shaping downstream 
circumstances and conditions which, in turn, lead to accidents.  
The model supports collaborative actions to enhance construction safety 
by holding responsible for promoting safety those parties involved in the 
project interorganisational network.  
The model recognises that the accident causation process is produced by 
a range of complex, interacting factors that flow from multiple sources. 
The model’s focus is on both:  
• accidents in the construction stage, and  
• contributing upstream factors. 
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2.3.2 The link between design and WHS outcomes 
Early research investigating safety in design in the construction industry sought to establish 
an empirical link between design activity and WHS outcomes, specifically the occurrence of 
accidents, injuries or fatalities. This research largely involved retrospectively analysing the 
causes of accidents to assess whether design was a cause. Retrospective analyses contribute 
to building the case for safety in design. However, they have limitations. It may not be 
warranted to conclude that there are direct links between design decisions and a workplace 
accident. A researcher may attribute a direct link even though the relationship is tenuous, an 
outcome that Lundberg et al. (2009) termed “what you look for is what you find”. 
Retrospective analysis alone cannot illuminate the relationship between implementing safety 
in design and achieving improved WHS outcomes. 
In 1991, the European Foundation for the Improvement of Living and Working Conditions 
reported that better decision-making during construction planning and design stages could 
have eliminated, reduced, or avoided 60% of construction fatalities analysed. This statistic 
has been cited widely by proponents of safety in design in the construction industry. 
However, this interpretation of the analysis was contentious because it failed to distinguish 
between: 
• design of the permanent structure or facility being constructed; and 
• design of the construction work processes involved in the accidents. 
This important distinction recognises the difference between product design (the 
building/structure to be built), and process design (the organisation of work and methods used 
to construct the building/structure). The European Foundation for the Improvement of Living 
and Working Conditions cited research by Lorent (1987) who included in the figure of 60% 
both product design (design of the architectural choices, materials and equipment 
specifications), and process design (the organisation of works and activities). 
In the UK, Haslam et al. (2003) and Gibb et al. (2004) investigated the causes of 100 non-
fatal accidents in the construction industry. Selected accident reports were given to a group of 
experts who were asked to comment on the extent to which the accident could have been 
avoided if an alternative design of the structure/facility had been chosen. The experts were 
also asked: “What could designers have done to reduce the risk?” The study showed that in 
47% of the cases, the experts believed the likelihood of the accident could have been reduced 
had different design decisions been made in relation to the permanent works. The authors 
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concluded that permanent works design should be considered a contributing factor in the 
occurrence of construction accidents. 
In the USA, Behm (2005) reviewed 224 fatality reports from the National Institute for 
Occupational Safety and Health’s fatality assessment control and evaluation (FACE) 
database. He considered the accident to be design related if any of the following three criteria 
were met. 
Criterion 1: The permanent features of the construction project were a causal factor 
in the incident. 
Criterion 2: Any of the design suggestions identified in previous studies could have 
been implemented to prevent the incident. 
Criterion 3: Modification of the design or the design process could have prevented 
the incident. 
Behm’s criteria focused exclusively on permanent works and final product design 
(building/structure). The criteria did not include construction process design, or the design of 
plant and equipment. Behm reports that design was a causal factor in 42% of fatal accidents 
reviewed. Behm (2005) also proposed 30 new design suggestions and concluded that safety 
in design can: 
• positively affect the safety of construction workers during initial construction work 
and subsequent maintenance, renovation, and repair work; and 
• reduce risk across all types of construction projects. 
The results of Behm’s (2005) study were further validated by Gambatese et al. (2008). An 
expert panel composed of construction industry professionals reviewed a subset of the 224 
fatality cases used in the previous study. The panel judged whether the design was a 
contributing factor to the incident. A link between the incident and the design was considered 
if any of the following criteria were met. 
Criterion 1: If the permanent features of the project could have been modified to 
prevent or reduce the risk. 
Criterion 2: If the construction plans and specifications could have been prepared in 
a different way to avoid the incident. 
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Criterion 3: If the construction safety risks related to the design could have been 
communicated to the constructor to avoid the accident. 
Criterion 2 suggests that contributing factors to downstream accidents could arise from both: 
• construction work process design; and 
• the design of the permanent features of the building/structure. 
Criterion 3 supports the view that communication (or collaboration) problems between 
designers and constructors can influence WHS. 
Gambatese et al. (2008) report that in 71% of the fatalities investigated, the panel’s responses 
confirmed Behm’s findings of a significant link between WHS and design and construction. 
The researchers further concluded that: 
• the expert panel members, who were all knowledgeable of the engineering and 
construction industry, recognised that the “design for construction safety” concept 
was a viable method to reduce safety risk on construction sites; 
• in particular, those expert panel members with a safety and health background agreed 
with the findings of previous research. These panel members were trained to identify 
the causes of accidents, and possessed a genuine understanding and acceptance of the 
benefit that safe designs can have on WHS; and 
• panellists with construction, design, and academic backgrounds expressed a moderate 
to fair level of agreement (63-73%) with previous research (Gambatese et al., 2008). 
In Australia, Driscoll et al. (2008) reported that 44% of construction fatalities were ‘design-
related’, although they acknowledge that ‘informational difficulties’ made it difficult to 
ascertain whether these fatalities could be attributed to: 
• the permanent design of the building/structure; 
• the design of plant/equipment; or 
• the design of the process of construction, including temporary works. 
Cooke and Lingard (2011) further examined data in the National Coroners’ Information 
System to explore the causal “pathways” leading from the design of a permanent 
building/structure to the immediate circumstances surrounding fatal accidents in the 
construction industry. They reported that design of the permanent structure could be 
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identified as a contributing factor in 14% of fatal construction accidents in the analysis. Using 
the ConAC model of accident causation, Cooke and Lingard examined the “pathways” 
leading from design of the permanent structure to the fatal accident. Thus, shaping factors 
and immediate circumstances were explored for each case. Consistent with the view that 
workplace accidents are the result of a complex interaction of multiple causes, design 
decisions resulted in a variety of different shaping factors and immediate circumstances. 
However, the most frequently occurring pathways were between design of the permanent 
structure through design of the work process, and unsafe actions and/or the use of equipment 
unsuitable for a task (see Figure 2.4 below). 
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Figure 2.4: Relationship between shaping factors and immediate causes traced back to the 
originating factor of “permanent works design” (Cooke & Lingard, 2011, p.286) 
South African research undertaken by Smallwood (1996) also explored industry stakeholders’ 
beliefs about the link between design and construction WHS. Smallwood reports that almost 
half of 71 general constructors interviewed identified design as an aspect or factor that 
negatively affects WHS performance in their work activities. In comparison with other 
influences on WHS, design was ranked as having the greatest impact on WHS. 
By providing evidence from the analysis of past construction accidents, the studies cited 
above provide preliminary evidence for the existence of a link between design work in the 
construction industry and WHS. The results suggest that considering construction WHS when 
making decisions in the design stage of a construction project provides potentially promising 
outcomes for improving workers’ health and safety. 
However, construction site work conditions and processes are complex and dynamic in 
nature. Accident causality on construction sites, and therefore risk reduction, is complex and 
multifaceted. The objective strength of the link between design and WHS performance is still 
unclear, and remains a subject of debate. Researchers have been justifiably cautious about 
quantifying the potential for safety in design to produce improved WHS outcomes in 
construction. For example, Gibb et al. (2004) choose their words carefully when stating that 
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design modifications had the potential to reduce the risk of almost half of the construction 
accidents they analysed, but might not necessarily have prevented those accidents from 
occurring. Further, in focusing on outcomes (that is, accidents), retrospective analyses tell us 
little about current safety in design initiatives and tools, or their potential impact on future 
WHS performance in the construction industry. Research in “live” projects is helpful for 
better understanding the relationship between considering WHS at the pre-construction stage 
and actual WHS performance. 
 
2.3.3 Safety in design and the quality of risk controls 
Technological versus behavioural risk controls 
The hierarchy of control (HOC) is a widely accepted framework for controlling workplace 
risks or hazards (see for example, Manuele, 2006). The HOC classifies hazard control 
measures into five levels of effectiveness. Level 5 is the most effective method of control. 
Level 1 is the least effective method of control. 
Table 2.2: The HOC classification of hazard controls 
Level 5 Eliminate a hazard altogether. 
Most effective because a hazard is removed physically from the work environment. 
Level 4 Substitution of a hazard. 
Something that produces a hazard is replaced by something less hazardous. 
Level 3 Engineering controls.  
People are isolated from hazards. 
Level 2 Administrative controls.  
These include safe work procedures, or using job rotation to limit exposure to a hazard.   
Level 1 Personal protective equipment (PPE).  
This is the least effective control because it is the least reliable. See for example, Lombardi et 
al.’s (2009) analysis of barriers to using eye protection. 
 
Levels 3, 4 and 5 are technological risk controls. They involve changes to the physical work 
environment. Levels 1 and 2 are behavioural risk controls. They seek to alter how individuals 
and teams undertake their work. 
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It is often argued that safety in design will increase opportunities to implement higher order 
(technological) controls for health and safety risk (see for example, Gangolells et al., 2010). 
However, until recently there has been little empirical evidence to support this claim. 
The time/safety influence curve 
Studies in the construction industry have often observed that the opportunities to reduce 
WHS risks are highest at the beginning of a project and diminish as the project progress 
(Toole, 2007). Swuste et al. (2012) comment that the design phase of construction projects 
offers the greatest potential to positively influence safety. This argument is linked to 
Szymberski’s (1997) concept that it is ideal for construction safety to be a prime 
consideration in the conceptual and preliminary design phases of projects. The theoretical 
curve in Figure 2.5 shows: 
• the relationship between a project’s progression through its composite phases (such as 
concept design, detailed design, procurement, construction) and the ability to 
influence WHS; and 
• that the ability to influence safety deteriorates rapidly as the project passes through 
the pre-construction stages. At the commencement of construction, the ability to 
influence safety is very low. 
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Figure 2.5: The time/safety influence curve (adapted from Szymberski, 1997, p.71) 
Though widely cited and almost universally accepted, until recently little evidence existed to 
support the time/safety influence curve. Recent research by the Centre for Construction Work 
Health and Safety at RMIT University tested the proposition that considering WHS early in 
projects would produce better outcomes. 
This research formed part of an international benchmarking study of safety in design. Data 
were collected from a total of 23 construction projects – 10 in Australia and New Zealand, 
and 13 in the USA. In each project, specific elements or components of the building (or other 
facility) were selected. The total number of elements in the analysis was 43. Elements 
included roof structures, sewerage systems, retaining walls, a pedestrian bridge, and 
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foundation systems. Project stakeholders involved in planning, designing and constructing the 
buildings (or other facilities) were interviewed. Interviews explored design decisions made 
for each element, the construction process for the element, and the way WHS hazards were 
controlled during construction. Interviews also explored the timing and sequence of key 
decisions about each element and the influences that were at play as design decisions were 
made. A total of 288 interviews were conducted (185 in Australia, and 103 in the USA). The 
average number of interviews per feature of work was 6.7. For each building (or facility) 
element, a score was generated that reflected the quality of WHS risk controls implemented 
during construction. This score was based on the HOC. 
Each HOC level was given a rating ranging from 1 (personal protective equipment) to 5 
(elimination). The risk controls implemented for hazards presented by each feature of work 
were assigned a score on this 5-point scale. In the event that no risk controls were 
implemented, a value of zero was assigned. Using these values, the mean HOC score for each 
feature of work was generated. 
The point in time was recorded at which a risk control solution was identified; that is, 
whether this occurred in the project’s pre-construction or construction stage. For each 
building/facility element, the number of WHS solutions selected during the pre-construction 
stage was expressed as a percentage of the total number of safety solutions for that element; 
thus, the percentage reflected the extent to which WHS was considered early in the project 
lifecycle. As the results indicated, Australian cases in the analysis had significantly higher 
average HOC scores than the USA cases. In addition, a relationship was identified between 
the percentage of WHS risk controls considered at early project stages and the WHS 
performance in the building elements. This relationship is indicated in Figure 2.6. The figure 
shows: 
• the relationship between the extent to which health and safety risk controls were 
considered and decided upon before construction commenced (that is, in the planning 
or design stages of the project); and 
• the quality of risk control outcomes (that is, the average HOC score). 
A positive relationship was found, meaning that the greater the proportion of WHS risk 
controls identified and chosen before construction commenced, the better the quality of WHS 
risk controls. This relationship was also statistically significant (Lingard et al., 2015). 
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Figure 2.6: Relationship between pre-construction WHS decision-making and quality of 
WHS risk control outcomes (Lingard et al., 2015, p.120) 
This research provided some evidence for the link between: 
• considering WHS early (in pre-construction stages of the project lifecycle); and 
• implementing higher order controls for WHS risks. 
The research confirmed the benefits of considering construction workers’ health and safety 
when making decisions about the design of buildings (and other facilities). 
Early constructor involvement 
There are considerable benefits to involving constructors early in design decision-making 
because of their centrality to the web of actors who participate in construction activity. Song 
et al. (2009) identified three primary benefits for involving constructors in that they: 
• have specialised training, knowledge and experience in applying construction 
materials and methods; 
• are in the best position to provide advice about WHS hazards/risks and ways to 
mitigate them in construction activities; and 
• are responsible for a project’s construction operations; therefore, they have a strong 
motivation and interest in ensuring work is performed with minimal risk to health and 
safety. 
The Australian-US safety benchmarking study described above investigated whether 
involving constructors in decision-making during the project design stage produced better 
WHS risk control outcomes (see Lingard et al., 2014a). To investigate this, a technique 
known as social network analysis was used. Social network analysis is an analytical tool that 
studies the exchange of resources (e.g., information) between people who make up a network. 
Social network analysis was used to map the social relations between project participants in 
each of the Australian case studies. The constructors’ position of “centrality” in the social 
networks was quantified. “Centrality” refers to the extent to which a person is connected to 
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other people – that is, the ratio of the number of relationships the person has relative to the 
maximum possible number of relationships they could have. Degree centrality is sometimes 
used as an indicator of the power or influence a person has within a network. In the case 
study projects, the constructors’ centrality was measured during the design stage of the 
project. The relationships between members in a social network can be mapped to produce a 
“sociogram”. The resulting diagrams provide a graphic representation of the position and 
importance of participants within a network. 
The cases were split into those with: 
• high HOC outcomes in which predominantly technological risk controls were 
implemented; and 
• low HOC outcomes in which predominantly behavioural controls were implemented. 
The design stage centrality scores for the constructor were compared between high HOC 
cases and low HOC cases. There was a statistically significant difference: 
• in the high HOC cases, the constructors’ design stage centrality was 14.2 on average; 
and 
• in the low HOC cases, the constructors’ design stage centrality was only 5.4 on 
average. 
These results of this research demonstrated how the effective transfer of construction 
knowledge to design decision-makers can enable improved WHS risk control outcomes 
(Lingard et al., 2014a). 
 
2.3.4 Implementation issues for safety in design 
The viability of safety in design in the construction 
In Australia, there is now a legislative imperative to implement safety in design in the 
construction industry. In the USA, safety in design is not required by health and safety 
legislation, leading USA researchers to examine industry perceptions about its viability. 
Although the viability of safety in design is now widely accepted in Australia, the USA 
research highlights some concerns that design professionals have expressed about the tension 
between safety in design and other design objectives. 
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Gambatese et al. (2005a) argue that the viability of implementing safety in design in the 
construction industry is subject to two conditions (see Figure 2.7): 
1. The feasibility of implementation: the factors that impact implementation on a project 
should not prohibit, or substantially limit, its implementation. 
2. The effectiveness in producing desired outcomes: the outcomes of implementation 
should be beneficial so that they provide sufficient motivation for the industry to 
implement the concept. 
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Figure 2.7: Design for safety concept implementation factors and impacts (Gambatese et al., 
2005a, p.1031) 
In their pilot study investigating the feasibility and practicality of designing to improve 
construction workers’ safety, Gambatese et al. (2005a, 2005b) interviewed 19 architects and 
design engineers in the USA. They focused their study on four key aspects: 
1. Designers’ knowledge and acceptance of the “design for construction safety” concept. 
2. Designers’ ability to address safety in design. 
3. Feasibility of implementing promising safe designs. 
4. The likely impacts resulting from implementing safe designs. 
The results of their interviews indicated that almost half the professionals considered safety 
in design to be feasible in the construction industry: 
• 47% of the designers indicated they already make design decisions that improve 
construction worker health and safety; and 
• 42% indicated they had previously made modifications to a design in the design phase 
to eliminate a potential safety risk that would impact construction worker health and 
safety. 
However, when the design professionals were asked to rank a set of project criteria in order 
of importance/priority, construction safety was ranked lowest (Gambatese et al., 2005a). The 
authors concluded that the designers interviewed foresee that implementing safety in design 
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will have negative impacts on other project criteria, such as cost, schedule, design creativity, 
and liability exposure. For example: 
• 74% of participants stated that designing for safety would increase project costs; 
• 47% stated that designing for safety would lead to schedule delays and lowered 
productivity; and 
• 21% of designers expressed concerns that implementing safety in design would 
decrease project quality through limiting creativity. 
Similar results have been echoed by a recent study in the USA. Tymvios and Gambatese 
(2016a) report the results of a nationwide survey indicating that only 5.4% of the 221 
architects and 20.5% of the 224 engineers who participated in the survey were aware of the 
safety in design concept. The authors further suggest this prevalent lack of awareness 
contributed to unrealistic perceptions about the implementation of safety in design such as it 
increases cost and it creates additional litigation risk to the designer (Tymvios & Gambatese, 
2016a).  
These perceptions are likely to act as barriers to adopting safety in design. However, they 
may not reflect the true situation. Earlier research by Gambatese et al. (1997) reported that 
implementing safety in design, and eliminating safety problems during the construction stage 
of a project, would have a positive impact on construction cost, schedule, productivity, and 
quality. In particular, they noted that eliminating the need to provide temporary safety 
controls during construction potentially could result in overall cost savings or improved 
productivity. 
Similarly, Hecker et al. (2005) report several examples in which design changes improved 
both WHS and the speed of construction. These include: 
• raising the ceiling height in the utility area of an electronic component manufacturing 
facility to provide more space and height for workers, and to reduce ergonomic 
hazards and other issues related to material handling and access; 
• increasing the height of a parapet to create a “walkable” ceiling; and 
• designing built-in anchorage points for a fall protection system to reduce the risk of 
workers falling from height (Hecker et al., 2005). 
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Gambatese et al. (2005a) further contend that if the entire lifecycle of a project is considered, 
initially costly design changes become long term benefits as a result of lower construction 
costs, and improved safety during the operation and maintenance stages of a building (or 
other facility). 
More recently, Rajendran and Gambatese (2013) made a comparison between constructing a 
1.07m parapet around a roof (a safety in design solution satisfying Occupational Safety and 
Health Administration (OSHA) requirements) and using a fall-arrest roof anchor system. 
They concluded that using the first design solution resulted in 15% higher productivity than 
using the fall-arrest system (which is also a lower-level risk control). 
These are positive assessments about the feasibility of implementing safety in design in the 
construction industry. However, research reveals some significant structural impediments to 
implementing safety in design early in the life of a construction project. 
Criticism has been levelled at some of the safety in design solutions suggested by researchers, 
including Hecker et al. (2005), and Hinze and Gambatese (1994). Atkinson and Westall 
(2010) note that many design modifications implemented to improve WHS in construction 
represent fairly modest solutions. They cite examples of fixing rails or anchor points for fall 
arrest devices which do not eliminate the inherently dangerous activity of working at height. 
Similarly, Mroszcyk (2006) argues that designing a fall protection system is not an optimal 
safety in design outcome. Rather, designers should seek ways to eliminate or significantly 
reduce the need to use fall protection systems during construction; for example, by 
eliminating or reducing the need to work at height or providing an alternative and safer 
means of working at height. 
There is some likelihood that safety in design solutions implemented at the construction stage 
will default to behavioural risk controls (levels 1 and 2 on the Hierarchy of Control) rather 
than to eliminating hazards altogether (Hopkins, 2006). Atkinson and Westall (2010) suggest 
that if design modifications are left until the construction stage of a project, then it is likely 
designers will accept suboptimal modifications – at this stage, risk control decision-making 
largely devolves to the actors who participate in the construction activity. As Swuste et al. 
(2012) noted, the safety consequences of key design decisions are locked in once construction 
commences. Consequently, the scope to implement safety in design is constrained. 
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Additional problems arise when basing the case for safety in design on a net reduction in cost 
over the lifecycle of a building or facility; for example, by arguing that safety in design will 
produce an overall reduction in the operational and maintenance costs. Lingard et al. (2013) 
report several cases in which design decisions that were made to improve safety in the 
operational stage of a building (or other facility) actually increased the degree of WHS risk to 
which workers were exposed in the construction stage. They argue against making the 
oversimplified assumption that actions taken to design out safety hazards or reduce risks in 
one stage of the lifecycle of a building (or other facility) will naturally and inevitably reduce 
risk in all stages of the lifecycle. This is a particularly important consideration in construction 
in which design professionals are often engaged by the client and respond to the client’s brief. 
Designers are well-versed in designing for operational and public safety. However, they may 
be less knowledgeable and experienced in designing for construction workers’ health and 
safety. Given the short duration of the construction stage relative to the operational life of a 
building (or other facility), there may be a tendency to privilege operational and public safety, 
and to focus less attention on the implications of design decisions for WHS during the 
construction stages. For example, although design professionals might consider safety in their 
designs, research shows the beneficiaries of their efforts traditionally are the end-users of the 
facility or building rather than those who undertake the construction and maintenance works 
(Hecker & Gambatese, 2003). These problems can be overcome by ensuring that: 
• a genuine lifecycle approach to safety is adopted in design; and 
• design decisions are informed by construction (and WHS) knowledge. 
Overall, the research supports the viability of safety in design in the construction industry. 
However, there is no “real world” evidence that supports the long-term benefits and effective 
outcomes from implementing safety in design. Gambatese et al. (2005b) argue that in the 
USA context (in which safety in design is not legally mandated), implementing safety in 
design will depend on general acceptance of the concept by design professionals. This, they 
argue, will require: 
1. Identifying and improving factors that support and motivate designers to adopt safety 
in design. 
2. Removing barriers to implementing safety in design. 
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Safety in design capability 
Despite the growing momentum surrounding safety in design, practical implementation 
difficulties have been observed in construction projects. Partly this relates to design 
professionals’ level of safety in design knowledge and competency. Designers are the final 
implementers of the “design for safety” concept. Their knowledge and acceptance of the 
concept has a great impact on implementing the “design for safety” concept in practice 
(Gambatese et al., 2005a). 
USA research suggests many design professionals have limited knowledge about safety in 
design. Gambatese et al. (2005a) propose this may result from a lack of formal education 
about construction WHS, and designers’ limited work experience on construction sites. 
Gambatese et al. (2005a) report that design professionals who have limited knowledge and/or 
experience in implementing safety in design were much more likely to perceive safety in 
design as related to increased project costs, schedule problems, and reduced design quality. 
These assumptions are likely to reduce design professionals’ motivation and willingness to 
implement safety in design. Gambatese et al. (2005a) also report that of six project criteria, 
USA-based design professionals ranked safety as the lowest priority. According to this study, 
design professionals’ concerns about legal liability were one of the main impediments to their 
willingness to address construction workers’ WHS in design decision-making. 
Gambatese and Hinze (1999) report that construction professionals who frequently visit and 
spend time at construction sites can identify and suggest more meaningful safety in design 
“solutions” than professionals who were predominantly office-based and engaged in little 
site-based work. Similarly, Hallowell and Hansen (2016) report the results of an experiment 
indicating a 45% higher hazard identification skill, on average, for designers with 
construction field experience in comparison to designers with no construction experience. 
Their experiment involved 17 designers who were required to identify hazards using design 
documents. 
Brace et al. (2009, p.12), who reviewed the causes of fatalities in the UK construction 
industry, wrote that: 
… many designers still think that safety is ‘nothing to do with me,’ although there are 
a small cohort who want to engage and are having difficulty doing this because they 
do not fully understand what good practice looks like. 
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Recently, Gambatese et al. (2017) conducted a randomised survey in the UK construction 
industry. The analysis of the 228 survey responses revealed that although safety in design 
was generally perceived as a positive enhancement to design practice and safety, the 
respondents commonly identified “insufficient safety in design knowledge and skills” and 
“lack of knowledge about construction means and methods” as barriers to implementing 
safety in design. 
These observations are concerning given that the UK’s Construction (Design and 
Management) Regulations were implemented almost 20 years earlier. Donaghy (2009) 
respond to this concern by proposing that accrediting bodies impose a requirement that health 
and safety is integrated into the education programs of designers and others engaged in 
delivering construction projects. Similarly, in the USA almost 90% of contractors surveyed 
by Gambatese et al. (2008) believed that including health and safety as a requirement in the 
education of architects and design engineers would improve WHS in construction. 
Industry supply chain fragmentation 
A feature of the construction industry is vertical segregation between the various participants 
responsible for initiating, designing, producing, using, and maintaining facilities. As 
Atkinson and Westall (2010) point out, vertical segregation can impede the industry’s 
capability for effectively implementing safety in design. The division between design and 
construction functions can: 
• hinder the development of shared project goals (Baiden & Price, 2011); and 
• negatively impact project outcomes (Love, Gunasekaran & Li, 1998). 
A causal factor in construction fatalities, according to Donaghy’s (2009) review of WHS in 
the UK construction industry, is the separation of, and poor communication between, design 
and construction functions. Hare et al. (2006) cite several mechanisms that substantially assist 
with integrating WHS into project planning and design decision-making: 
• two-way communication between designers and constructors; 
• the early involvement of the constructor; 
• participation in health and safety workshops; and 
• collaborative brainstorming. 
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Sacks et al. (2015) conducted a set of studies using virtual reality tools to model construction 
sites and engage design and construction professionals in WHS related dialogues. The results 
of their study indicated that such conversations encouraged designers to make specific design 
changes that improved workers’ WHS. Based on the results, the researchers concluded that 
engaging designers and construction professionals in collaborative dialogues focusing on 
specific project aspects is highly beneficial for implementing safety in design.  
In some instances, specialty subcontractors hold valuable construction/WHS knowledge. 
Franz et al. (2013) have presented case study data suggesting that in comparable projects, 
better WHS outcomes are achieved when specialist contractors are involved early. 
Improved buildability is often claimed to result from collaborative or integrated approaches 
to project delivery and that, by implication, WHS is also enhanced (Bresnen & Marshall, 
2000; Kent & Becerik-Gerber, 2010). However, some researchers caution that the implied 
link is not straightforward: 
• Ankrah et al. (2009) observe that the procurement method will not generate, as a 
matter of course, a positive cultural orientation to health and safety. 
• Atkinson and Westall (2010) point out that integrated project delivery is no guarantee 
of improved safety outcomes. 
The contract typically defines the roles, responsibilities, and liabilities of different parties 
involved in a construction project (Gambatese et al., 2005a). For instance, traditional project 
delivery methods tend to isolate the designers by viewing them as a stand-alone entity. In this 
environment, designers assume there is no benefit to them from making their designs ‘safer’. 
In contrast, there are other forms of contract that encourage more involvement of designers in 
addressing workers’ safety, especially those forms in which the owner requires that specific 
issues regarding safety are addressed, or those which more equally specify responsibilities 
and liabilities for various parties. For example, the design-build method provides more 
motivation for designers to address construction safety in their designs. This delivery method 
creates a partnership between the design and construction teams, closing the gap between 
these two parties. This facilitates the use of construction knowledge at the design stage and 
encourages designers to address construction issues (including safety hazards) in their 
designs (Gambatese et al., 2005a). 
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Hinze and Wiegand (1992) provide evidence for this. The results of their survey from large 
design firms in the USA revealed that designers who addressed construction workers’ safety 
during the design phase tended to work in design-build firms where both design and 
construction teams are components of the same firm. The research suggests two related but 
distinct points:  
• integrated project delivery is more likely to foster conditions that support the 
incorporation of WHS into construction project planning and design activities; and 
• tangible WHS improvements are more likely to stem directly from enhanced 
communication and information exchange between project participants. 
Project complexity 
Significant challenges have beset attempts to specify and operationalise designers’ 
responsibilities for WHS in the construction industry. Complexity is at the heart of these 
challenges. 
As described at the outset of this chapter, design work exhibits high degrees of both 
organisational and technological complexity. This complexity is evident in three domains: the 
structure of work (collaborating parties), the structure of information (knowledge 
transactions), and the structure of governance (contractual arrangements) actually in place 
(Lingard et al., 2007). 
1. The structure of work 
Safety in design is often described and defined relatively simply. However, the operating 
context for safety in design is intricate. Distinguishing elements of the construction design 
process include (Lingard et al., 2012): 
• complex interorganisational relationships; 
• subclustering; 
• information dependencies; and 
• considerable division of labour. 
Nevertheless, researchers often fail to: 
• appropriately differentiate the design functions applied at each stage in delivering a 
building; and 
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• recognise that control and influence over design frequently rests with parties other 
than the principal designer or architect. 
2. The structure of information 
Construction design work is complex and iterative. It is not simple and linear. Responsibility 
for a multitude of component parts is difficult to pinpoint. Design tasks are situated in 
complex, interconnected networks that require active engagement from many specialists. As 
Lingard et al. (2012) describe, safety in design approaches often superimpose on design 
activity a standard WHS risk management process. The expectation is that, prior to specific 
“hold points” in developing a design: 
• protocols for hazard identification will be prepared’ 
• risk assessment will be undertaken; and 
• appropriate risk controls will be selected. 
Standard WHS risk management assumes all hazards will be clearly identified at the 
initiation of a linear risk management process. (A hazard is defined as conditions that have 
the potential to cause harm.) The consequence of this approach is that if a hazard is not 
identified at the first step, it is excluded from any subsequent WHS risk analysis which 
assesses the likelihood that harm will eventuate, and the consequence of that harm. In effect, 
standard WHS risk management processes are blind to emergent hazards. 
Standard risk management processes also assume that a project can be decomposed into its 
constituent parts and that controls can be implemented for risks inherent in each part (Lingard 
et al., 2012). Decomposition is found in commonly accepted methods for managing: 
• project scope (work breakdown structures and milestone plans); 
• project time performance (project networks, and project evaluation and review 
techniques); and 
• project costs (cost breakdown structures and earned value analysis). 
However, Cooke-Davies et al. (2007) put the view that decomposition models are ill-suited to 
analysing complex, nonlinear, dynamic systems, such as construction projects. Pavard and 
Dugdale (2006) argue that decomposition models have limited practical application to 
complex systems. For construction design work, it is arduous (and perhaps not feasible) to 
decompose system elements into design functions, professional contributions, or logical 
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“steps”. The system elements are in continuous interaction with one another, and with the 
external environment. Continuous interaction generates emergent properties, which in turn 
trigger emergent risks. Even a good understanding of component parts cannot guarantee that 
emergent properties and risks can be identified or anticipated. 
3. The structure of governance 
The governance structure of a construction project has significant implications for design 
responsibilities. Commercial and contractual relationships that stipulate the allocation of risk 
and resources have an effect on decision-making and the distribution of responsibilities 
among parties (client/promoter, designer, contractor, specialist contractors/consultants). 
The role of each project participant varies according to the chosen project delivery strategy. 
A “design and build” approach offers a natural opportunity to incorporate WHS in design. A 
“construction management” approach allows the client/promoter to adopt a more aggressive 
role in project decision-making. Between these two project delivery strategies lie many 
“hybrid” project procurement strategies, each of which has varying implications for 
allocating risk and liability. In construction projects, the allocation of risk and responsibility 
is normally stipulated in contracts. The variety of procurement options and situations arising 
in the construction industry is reflected in a diverse array of contract types. 
The diversity in project governance structures for construction projects means there is 
considerable variation in allocating roles and responsibilities for WHS in design. 
What is being designed? 
The safety in design movement places an emphasis on designing health and safety hazards 
out of the construction industry’s products and processes altogether. Most definitions of 
safety in design imply that designers should address hazards associated with facilities, 
structures, processes, equipment, tools, and work systems. For example, the USA’s National 
Institute for Occupational Safety and Health (NIOSH, 2008, p.108) defines “prevention 
through design” (the USA terminology for safety in design) as: 
… addressing occupational safety and health needs in the design process to prevent 
or minimize the work-related hazards and risks associated with the construction, 
manufacture, use, maintenance, and disposal of facilities, materials, and equipment 
(emphasis added). 
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Schulte et al. (2008, p. 115) define safety in design as: 
… the practice of anticipating and ‘designing out’ potential occupational safety and 
health hazards and risks associated with new processes, structures, equipment, or 
tools, and organizing work, such that it takes into consideration the construction, 
maintenance, decommissioning, and disposal/recycling of waste material, and 
recognizing the business and social benefits of doing so (emphasis added). 
Some researchers challenge these definitions of safety in design because they lack sufficient 
clarity about what is actually being designed. Driscoll et al. (2008) reviewed the findings of 
coronial investigations in Australia to determine the extent to which design was a causal 
factor in construction industry deaths. They found that 44% of the deaths examined were 
design related. However, a close assessment of the accident circumstances described by 
Driscoll et al. reveals that the majority of the deaths were related to the design of work 
processes (including temporary works and equipment being used). The design of the 
permanent structure was clearly implicated in only one of the deaths examined and involved a 
maintenance worker, working on the roof of a building, falling through a fragile skylight. 
It is also apparent that many of the commonly cited safety in design solutions in the 
construction industry actually involve redesign of the construction process, rather than design 
of the permanent building or structure to be constructed (see for example, Wright et al., 
2003). Design of healthy and safe work processes is a neglected area in the research on 
construction safety in design. Research has tended to focus exclusively on design 
modifications for the end product. Arguably, consideration of WHS in product design, 
without simultaneously considering the process design, will yield suboptimal risk reduction 
outcomes. 
This lack of clarity is unhelpful in the construction industry because it creates confusion 
about who should be responsible for safety in design. Different project contributors will be 
involved in design decisions relating to buildings (or their component parts), equipment, 
work processes and so on. When implementing safety in design, it is essential to have a clear 
understanding about what is being designed and who the relevant contributors to safety in 
design are. A principal architect will not, for example, be significantly involved in designing 
the construction process. 
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The dynamic nature of design 
Designers make implicit and explicit choices which can significantly impact the health and 
safety of those who build, occupy, maintain, clean, renovate, refurbish, or eventually 
demolish a building/structure (Gambatese et al., 2008). With this in mind, integrating WHS 
risk management into design activities has been recommended. For example, Hinze et al. 
(1999) suggest designers conduct a thorough risk assessment of each building element during 
a project’s design stage. Mroszczyk (2006) recommends a process which includes the input 
of site safety knowledge into design decision-making through a series of design safety 
reviews (see Figure 2.9 below). 
However, Lingard et al. (2012) use detailed case studies to show the practical difficulties 
inherent in adopting a simple linear risk management method in the context of the 
construction industry’s complex, dynamic and iterative design process. Traditional WHS risk 
management identifies WHS hazards when a linear process commences. The process follows 
a sequence of steps that include risk assessment and subsequent risk control and review (see 
for example, a description of this process in Lingard & Rowlinson, 2005). This approach 
assumes all hazards are clearly identifiable when the linear process commences. In effect, if a 
hazard is not identified at this point it is excluded from subsequent analysis. 
In contrast to this traditional perspective, design is a dynamic, complex, and reflexive process 
of collective negotiations (as discussed earlier in this chapter). Design decisions, and their 
WHS impacts, emerge from interactions between stakeholders, material artefacts and 
technologies (Lingard et al., 2011). This is a contingent perspective on the design process. It 
implies that the traditional, linear WHS risk management process does not have the flexibility 
to cope with adaptive decision-making and emergent hazards. This perspective is an explicit 
challenge to most of the proposed implementation solutions for safety in design, given that 
they rely on the traditional, linear approach. 
 
Image removed due to copyright restrictions. 
 
Figure 2.8: The Design for Construction Safety Process – the process incorporates site safety 
knowledge into design decisions (Mroszczyk, 2006) 
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2.3.5 Australian policy and legislation supporting “safety in design” 
The legal responsibilities of designers and constructors can influence their attitudes and 
motivation to assume responsibilities for workers’ WHS (Sacks et al., 2015). Safety in design 
has been included in WHS legislation in some countries like the UK (the Construction 
(Design and Management) Regulations) and in Australia. 
In 2012, the Australian Work Health and Safety Strategy 2012-2022 (the Australian Strategy) 
was released. The Australian Strategy builds on the National Occupational Health and Safety 
Strategy 2002-2012. It identifies the construction industry as an industry requiring priority 
action and established targets to improve WHS.  
“Healthy and safe by design” is the first, among the seven, national action areas identified in 
the Australian Strategy to achieve the target WHS improvements. A number of strategic 
outcomes are expected to flow from the “Healthy and safe by design” action area. These are: 
• structures, plant and substances are designed to eliminate or minimise hazards and 
risks before they are introduced into the workplace; and 
• work, work processes and systems of work are designed and managed to eliminate or 
minimise hazards and risks (Safe Work Australia, 2012). 
Apart from the Australian Strategy, legislation has been implemented in all Australian 
jurisdictions requiring designers of buildings and structures to consider WHS in their 
decision-making. In addition, designers are required to provide a written report to a person 
commissioning their design about the health and safety aspects of the design (as specified in 
the Model WHS laws). 
 
2.3.6 Industry efforts to implement safety in design 
There are examples of the construction industry’s attempts to develop and implement safety 
in design processes. In Florida, USA, a design-build firm has developed a safety in design 
program with an entire lifecycle approach. The program involves three major elements: 
1. Requires designers to participate in an “intense but modified” 10-hour USA 
Occupational Safety and Health Administration safety course which is typically 
required for construction workers. 
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2. Includes eight different warning symbols for project plans to alert the constructors of 
potential hazards that could result in accidents such as electrocution, asphyxiation, 
falls. 
3. Uses safety-oriented design checklists for each project to help identify potential 
hazards and propose design modifications (Angelo, 2004). 
In London, an international design firm has involved safety in all its planning and design 
activities (Istephan, 2004). The firm has tried to put into practice the Construction (Design 
and Management) Regulations alongside the company’s own design philosophy. The 
company has developed a program which involves several elements: training, design reviews, 
integrating health and safety with quality assurance and other processes, producing and 
transferring information, and feedback on lessons learned. Conducting planned design 
reviews, which start early in projects, is a critical aspect of the firm’s program (Gambatese et 
al., 2005a). 
In the US, a large high-tech firm developed a “Lifecycle Safety” (LCS) process when 
designing and constructing a semiconductor manufacturing facility in the Pacific Northwest 
(Hecker et al., 2005). Underlying the program was an emphasis on safety in design as one 
goal for the new facility, along with traditional goals such as cost, energy consumption, 
emissions, and schedule (Hecker & Gambatese, 2003). The LCS process included some 
important features: 
1. Before the start of the project, the design firm involved in designing other facilities 
for the owner was appointed to undertake the basic and detailed design of the facility. 
The firm developed a 101-item safety in design checklist. The checklist was based on 
lessons learned from earlier projects. These items consisted of design issues identified 
as potential problem areas for constructing and/or operating the facility. The checklist 
was developed as an interactive and open-ended tool for designers (Weinstein et al., 
2005). 
2. A safety in design taskforce was formed early in the programming phase. It was 
responsible for planning and developing a process that increased the focus in the 
design stage on safety issues in construction and subsequent phases. It was also 
responsible for balancing cost, quality, schedule, and safety (Hecker et al., 2005). 
Taskforce members included senior representatives of the three main parties involved 
in the design process: the owner (representatives from different departments of the 
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company), the design firm, and the contractor serving as construction manager (CM), 
along with an outside safety consultant who facilitated the process. Involving the CM 
was important for bringing the knowledge and experience of the construction 
community into the process early in the project (Hecker & Gambatese, 2003). 
3. The taskforce developed a plan of record (POR), or baseline design (based on the last 
semiconductor factory built on the campus), and the process and tools required for 
evaluating design options during the programming phase. 
4. During the programming phase, focus groups were organised involving trade 
contractors and vendor tool technicians (who had worked on previous projects at the 
campus), the designer, and the owner. The purpose of the focus groups was to identify 
modifications to the plan of record (POR) that would improve the safety of those who 
construct, operate and maintain the facility. The focus groups prepared a database of 
196 items, with issues and suggested design solutions identified. These data were sent 
to the workgroups who participated in the programming phase of the new 
semiconductor factory design (Hecker & Gambatese, 2003). 
5. Focused safety reviews of each design package were conducted by the owner, CM, 
trade contractor, and environmental safety and health personnel, at approximately the 
30%, 60%, and 90% completion points in the design (Hecker et al., 2005). 
6. Comments collected during the design reviews were passed on to the design team for 
adjudication, after review and filtering by appropriate discipline-based owner 
representatives. The comments could be: 
• accepted “as is” or in modified form; 
• rejected for a variety of reasons; or 
• referred for mitigation during the construction phase if they raised legitimate 
safety concerns but were more appropriately addressed in construction than 
through design (Hecker & Gambatese, 2003). 
Studies of the LCS process implementation and outcomes (Hecker & Gambatese, 2003; 
Hecker et al., 2005; Weinstein et al., 2005) indicated that: 
• The process was successful in eliminating or mitigating significant safety hazards 
during construction (Weinstein et al., 2005). 
• During the process, trade contractors were involved during the programming and 
detailed design phases. This was particularly effective due to their unique insights into 
construction safety hazards. Weinstein et al. (2005) found that the programming stage 
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was critical for implementing trade contractors’ suggestions for safety-enhancing 
design changes. 85% of design changes suggested by trade contractors during project 
programming activities were eventually implemented – only 39% of the suggestions 
made at a later stage by trade contractors were implemented. Based on the results, the 
researchers concluded there is a higher likelihood for design changes to be 
implemented if noted early by trade contractors. This highlights the value of 
considering construction knowledge in the safety in design process (Weinstein et al., 
2005). 
• The process increased the extent of cross-disciplinary discussion. The cross-
disciplinary design review process generated ideas and concerns that might not have 
emerged otherwise. The detailed design reviews were a distinctive and integral part of 
the LCS process and provided a mechanism for various groups involved in the 
construction phase to address safety over the lifecycle of the facility (Hecker & 
Gambatese, 2003). 
• The early consideration of suggested design modifications greatly impacted their 
implementation. Weinstein et al. (2005) found that 71% of the design changes noted 
in programming stage were implemented, while only 44% of the changes raised later 
in the project were implemented. The researchers identified reasons for this, 
including: 
• high capital costs associated with implementing the change later in the design; 
• a lack of information regarding the impact on worker safety and health; and 
• schedule constraints, specifically the particular market forces associated with 
rapid obsolescence in the semiconductor industry driving the completion of the 
project as early as possible without any delays. 
 
2.3.7 Tools to support the implementation of safety in design 
A number of tools have been developed to assist in identifying and addressing safety issues 
during project planning and design phases. The most relevant tools include: 
• Knowledge-based decision support tools to provide designers with “expert” WHS 
knowledge when reviewing their designs (Gambatese et al., 1997; Davison, 2003; 
Cooke et al., 2008); 
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• visualisation tools to identify WHS hazards associated with the design of building 
components and the process of construction (Hadikusumo & Rowlinson, 2004); 
• multidimensional Building Information Modelling (BIM) tools to incorporate WHS 
considerations into construction design and planning (Toole & Gambatese, 2008; 
Sulankivi et al., 2013; Kamardeen, 2010); and 
• frameworks/processes for systematic evaluation of safety issues at different phases of 
a project (Workcover NSW, 2001). 
Knowledge-based tools 
Design for Construction Safety Toolbox 
Some knowledge-based tools have been further incorporated into software applications. For 
example, the Design for Construction Safety Toolbox developed by the Construction Industry 
Institute, Austin, Texas (1995), uses a database of more than 400 design for safety 
suggestions to assist designers to recognise project specific hazards and to implement the 
design suggestions into project designs (Gambatese et al., 1997; Gambatese & Hinze, 1999). 
The application requires selecting a design package. The software then helps reduce/remove 
safety hazards by providing suggestions on common hazards associated with the selected 
design package. 
To develop the database, the researchers searched for existing design suggestions from two 
sources: construction industry literature, and personnel. In addition to the search for existing 
best practices, the study included developing additional design suggestions from three 
sources: worker safety manuals, safety design manuals and checklists, and the research 
team’s personal knowledge and experience. The researchers concluded that the design tool is 
useful for improving safety in the construction, start up, maintenance and decommissioning 
phases (Gambatese & Hinze, 1999). 
The software assists designers to learn about construction site hazards (something they are 
often not exposed to, nor have knowledge of), and provides alternative approaches that 
improve their design for safety knowledge. However, Clark (2010) contends that the tool 
does not provide genuine practical insights into how to reduce WHS risk in the complex and 
dynamic construction design environment. He argues that the tool is static. The generic 
“checklist” approach encouraged by the tool reinforces designers’ reluctance to think 
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creatively about better ways to reduce WHS risk. Requirements imposed by clients to use 
tools of this nature would, Clark suggests, eventually burden designers and stifle innovation. 
In the UK, similar criticisms have been levelled at safe design “solutions” checklists (HSE 
2007). Further, these generic checklists are unlikely to apply to the majority of specialist 
designers whose focus is on a very small (and often very technical) component of a complex 
building or structure. 
At the same time, the static and generic nature of suggestion lists restricts the applicability of 
these tools. As design progresses and more detailed information is generated, this information 
becomes more project specific. Thus, generic solutions may be difficult to apply. Bespoke 
and more creative approaches to risk reduction are needed. 
Knowledge-based decision support tools 
Knowledge-based systems (KBSs) seek to replicate, by computer, the problem-solving 
expertise of human specialists in a specific area of application. KBSs are ideally suited to 
providing WHS decision support because designers may not have specialist WHS knowledge, 
yet make decisions that impact on WHS. Deploying, through software, WHS expertise that 
would otherwise be unavailable to decision-makers can be of considerable benefit in 
managing WHS (Roberston & Fox, 2000). Given concerns about the level of WHS 
experience and expertise among construction design professionals (architects and engineers), 
providing WHS decision support via a knowledge-based system has the potential to improve 
designers’ ability to integrate WHS into design decisions, and to assist them to comply with 
legislative requirements for WHS in construction design. 
In Singapore, knowledge-based systems have been used to deploy artificial intelligence 
techniques for the automated assessment of building plans against building regulations. 
Building elements are represented using the International Alliance for Interoperability’s (IAI) 
industry foundation classes (IFC). The knowledge base represents Singapore’s building 
regulations, including rules applicable to each building entity and its properties. During an 
automated plan checking session, rules associated with each building entity are examined to 
identify breaches of the building regulations. In the UK, Davison (2003) reported on a 
prototype KBS that used similar technology to provide knowledge-based advice on WHS in 
building design. Elements were encoded as IFCs, but rather than apply building regulation 
rules, WHS rules were applied to identify risks inherent in the design of each building entity. 
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However, the effectiveness of rule-based KBSs for determining compliance with WHS 
legislation is likely to be limited. WHS legislation is not prescriptive. It requires duty holders 
to make professional judgments about what WHS controls are reasonably practicable to 
implement in a given situation. Safety in design requires professionals with responsibility for 
design of buildings and structures to conduct a thorough risk assessment of the components 
of the structures/facilities they design, and to attempt, so far as is practicable, to modify the 
design to reduce WHS risk. Consequently, a knowledge-based system that steps designers 
through the analysis of WHS risk is likely to be much more helpful than a prescriptive rule-
based system (Cooke et al., 2008). 
 
ToolSHeDTM 
An alternative approach to capturing and representing WHS information for the purpose of 
facilitating safety in design was developed in Australia by a consortium comprising RMIT 
University’s School of Property, Construction and Project Management, and two private 
companies. The consortium developed a prototype web tool to help architects and engineers 
make design decisions that take account of WHS. 
The resulting knowledge-based tool, known as ToolSHeD (Tool for Safety and Health in 
Design), incorporated the expert safety in design knowledge of construction WHS 
professionals, facilities managers, maintenance workers, and construction personnel (see 
Cooke et al., 2008). ToolSHeD assists construction designers to integrate WHS risk 
management into their design decision-making by stepping them through an online risk 
assessment consultation. As a knowledge-based system, ToolSHeD reproduces the reasoning 
used by a panel of experts to assess the WHS risk associated with relevant features of a 
building design. At present, a web-based prototype of ToolSHeD has been developed with its 
scope restricted to the risk of falling from the roof of a building during maintenance.  
To capture expert reasoning regarding design impacts on WHS risk, an expert panel 
ascertained the design factors that contributed to the risk of falling from height during 
maintenance work. A number of secondary data sources were also consulted, including WHS 
guidance material, industry standards, and codes. This knowledge was then structured in the 
form of “argument trees”, and refined by panel members in an iterative process until 
consensus was reached. 
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ToolSHeD’s argument trees represent the hierarchy of factors relevant to assessing design 
related WHS risks. Consistent with risk management principles, the risk rating is inferred 
with knowledge of three factors: 
• the likelihood that an injury or illness will occur; 
• the likely severity of the consequence of that injury or illness should it occur; and 
• the degree of exposure to the risk. 
The risk assessment prompts designers to enter information about relevant design features 
that experts agree could impact upon the risk of falling from height. The data entered are then 
used to infer a risk rating based on a reasoning model agreed by a panel of experts. A risk 
report is generated as a system output, advising the designer about the level of risk of falling 
from height (extreme, high, medium, or low) and explaining the design factors contributing to 
this inferred level of risk. If an overall risk rating is above the designer’s pre-determined 
tolerance level, the designer can identify “high risk” design features that gave rise to that risk 
rating.  
The majority of design professionals are unsure about how to incorporate WHS 
considerations into their design decision-making, and they are concerned that doing so may 
expose them to greater legal risk. The ToolSHeD decision support tool addresses the need to 
consider WHS in construction design. The tool is likely to be more viable than cumbersome 
rule-based systems. However, ToolSHeD is limited at present as it deals only with the design 
related risks of falls from heights during maintenance work on building roofs. 
Visualisation tools 
Design-for-Safety-Process Tool for Capturing Construction Safety Knowledge 
A Design-for-Safety-Process tool was developed (Hadikusumo & Rowlinson, 2004) to 
reduce problems with capturing knowledge about construction site safety, and to help 
engineers identify construction hazards early in the project. The tool was designed for three 
purposes: knowledge capture, safety planning, and training. The tool creates 3D virtual real 
construction components. It simulates construction site inspections through enabling the user 
to move around the virtual site and observe different construction components. The tool is 
equipped with a safety database based on “construction components-possible safety hazards-
accident precautions” relationships. The tool contains different construction processes for 
each component. Each component is related to several safety hazards, and for each safety 
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hazard several accident precautions can be identified (Hadikusumo & Rowlinson, 2004). The 
tool incorporates a theory of accident causation and investigates safety hazards by applying 
the theory to a database of pre-identified unsafe acts and conditions (Zhou et al., 2012). The 
advantages of this tool include: 
• overcoming some problems inherent in capturing tacit knowledge; 
• providing a means of maintaining valuable safety knowledge in organisations; and 
• enhancing knowledge transfer from experts to others by combining knowledge-based 
functions and Building Information Modelling (BIM) tools. 
Multidimensional Building Information Modelling (BIM) tools 
Several researchers (Augebroe & Hensen, 2004; Kamardeen, 2010; Sulankivi et al., 2013) 
have advocated applying multidimensional Building Information Modelling (BIM) in 
construction design and planning. 
BIM has helped to integrate information from different construction project perspectives (for 
example, schedule, cost, sustainability), and to combine them with widely used 3D models of 
structures/buildings to facilitate easy retrieval and communication of information. Project 
planners and designers have used multidimensional models to analyse projects from different 
aspects, including clash control, cost analysis, sequencing construction activities, timing and 
resource analysis. 
BIM-based multidimensional models have been used in construction site safety planning 
(Zhou et al., 2012). For example, research by Sulankivi et al. (2013) at VTT Technical 
Research Centre in Finland, applied a safety rule checking algorithm to 4D BIM models of 
permanent and temporary structures created with Tekla Structures. The prototype safety rule 
checking BIM tool checks structure models for falling hazards, and includes the application 
of engineering controls (such as guardrail installation) in the construction schedule and in the 
visual model. The research showed the possibilities for improving construction safety 
planning using commercially available BIM tools. The research indicated that BIM models 
created in the design process can be developed to serve site and safety planning by adding the 
planned temporary site and safety arrangements to the model. However, safety related custom 
components for the selected modelling software had to be developed in the project in 
cooperation with the contractor (Zhou et al., 2012). 
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Kamardeen (2010) proposed a framework for BIM-based tools consisting of three 
components: a BIM model of the building/structure, a safety knowledge base encompassing 
hazard profiles of building elements for different construction methods, and an analysis 
engine that automatically performs hazard checking on BIM models. 
Similarly, Benjaoran et al. (2010) developed a rule-based system for safety using 4D CAD 
models of buildings/structures. The system aimed to automate identification of working-at-
height hazards. The input data consisted of factors related to building component details and 
activities (for example, component type, dimension, placement, working space, activity type, 
sequence, and materials and equipment). The system assessed the input data to identify 
working-at-height hazards, then used rule-based algorithms embedded and visualised in the 
4D CAD model to suggest safety measures. Advantages of the system, according to Zhou et 
al. (2012), include: 
• identifying working-at-height hazards based on progress of the construction work; 
• identifying different building components with the hazards that present a particular 
WHS hazard; 
• proposing safety measure advice; 
• integrating safety measures into the construction schedule; 
• assisting people to identify problems in the original design and schedule; and 
• supporting control of safety measures. 
However, using hard-coded, closed algorithms limits the ability of the system to make 
complex design decisions that need human creativity or knowledge (Zhou et al., 2012). 
In their review of digital tools for construction safety, Zhou et al. (2012) concluded that while 
various digital BIM-based tools have been developed for addressing safety issues in 
construction planning, BIM application for addressing construction safety issues at the design 
stage is much less mature. In fact, BIM has been used mainly at the design stage to identify 
construction clashes and buildability issues. One of the main reasons for this is probably the 
inability of BIM-based approaches to cope with the design process, which is dynamic, 
complex, and reflexive, and in which design goals are subject to rapid change (Lingard et al., 
2011). The process involves many iterations and refinements based on continuous 
information updates over time. At the same time, the client and other stakeholders 
continuously try to fine tune precisely what they want from the project (Larsen & Whyte, 
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2013). The result is continuous change and modifications in the design of both final product 
and the construction process. However, BIM-based tools require static models of 
structures/buildings as an input for analysis. The notion of freezing the design is appealing. 
However, it is difficult, if not impossible, to achieve in reality (Larsen & Whyte, 2013). For 
BIM-based tools to address design related safety issues effectively, the input models need to 
be updated continuously. This does not happen in reality. Even in construction safety 
planning, Zhou et al. (2012) identified a significant shortcoming of model-based approaches 
in their dependence on computerised models of the construction process (schedules). As they 
state: 
Construction operations are dynamic and subject to frequent changes that do not 
comply with originally scheduled work. Hence, digital schedules are rarely updated 
sufficiently frequently to accurately reflect all operations underway at any given point 
in time (Zhou et al., 2012, p.108). 
Thus, it is not surprising when Gambatese et al. (2017) report the results of a recent survey in 
the UK construction industry indicating that although computer visualisation/simulation 
software and other online design resources are commonly used for other project activities, 
they are less often used for safety in design. 
Safety evaluation frameworks 
Construction Hazard Assessment Implication Review (CHAIR) 
The CHAIR (Construction Hazard Assessment Implication Review) safety in design tool 
facilitates a structured review of health and safety implications at different points in the 
design process. Using a coordinated approach by all stakeholders, the tool aims to identify 
and reduce design related safety risks that potentially exist at construction, maintenance, 
repair, and demolition stages, to improve constructability, and to reduce project lifecycle 
costs (WorkCover NSW, 2001). 
The CHAIR process consists of three phases of review. After completing the concept design, 
the first review phase commences as CHAIR 1 proceeds to probe the design using 
guidewords. The concept design is divided into logic blocks and the implications of 
guidewords for each element are considered to identify sources of risks and assess the 
appropriateness of risk controls. The guidewords prompt discussion of design issues. During 
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the review, all the findings, attendees, methodology, and guidewords, are documented in a 
central chart. 
The second review, CHAIR 2, is structured to analyse the construction work sequence which 
is divided into defined logical steps. For each step, the sources of risks or other factors related 
to safety hazards are identified and assessment is carried out of the appropriateness of the risk 
controls. The aim is to improve the design, and to clarify a preferred construction method and 
sequence. Like CHAIR 1, at the end of the CHAIR 2 review, the findings, attendees, 
methodology, and guidewords, are documented. The CHAIR 3 review is conducted (at the 
same time as the CHAIR 2 review) to address maintenance concerns with the finalised design 
(WorkCover NSW, 2001). 
This approach brings together the project stakeholders at an early stage of a project, and it 
prompts safety discussions right after the concept design is completed. Yet the quality of the 
outcomes largely depends on the knowledge and experience of attendees involved in each 
review stage. The quality of the outcomes also relies on the facilitator’s ability to manage a 
constructive discussion during each workshop and to stop attendees from getting caught up in 
endless discussions or unnecessary arguments. Additionally, it can be argued that CHAIR 2 
and CHAIR 3 reviews occur too late in the design program to allow any major design 
alterations (Clark, 2010). Furthermore, it is unclear whether the CHAIR process allows for 
further reviews in the construction process, such as after any client changes or major 
redesign. These changes can often lead to new WHS hazards. Designing for safety applies 
both to the original design and to design changes. Processes like CHAIR need to allow for 
further review of particular elements affected by the design changes. 
 
2.3.8 An overall view on “safety in design” in construction 
Construction design has special characteristics which need to be recognised by safety in 
design implementation efforts. Most importantly, design is a complex, dynamic, collective, 
highly specialised and interactive process. 
Accident causation models have identified design as a causal factor in the occurrence of 
accidents in the construction industry. In addition, retrospective research in the USA, the UK 
and Australia has established a link between design and construction accidents. However, the 
objective strength of this link is still unclear. 
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Safety in design has been demonstrated to be a viable activity in the construction industry. 
Recent Australian research shows that higher quality (that is, technological) risk controls are 
more likely to be realised when WHS is considered early in the project lifecycle (that is, in 
the design stage), and when construction knowledge is utilised (through the active 
involvement of constructors) in project decision-making. 
Nevertheless, researchers have also provided evidence that in many cases safety in design 
efforts have achieved suboptimal results in the construction industry and have been limited to 
delivering modest reductions in WHS risks rather than eliminating inherently dangerous 
activities; for example, specifying fall arrest systems rather than eliminating the need to work 
at height. 
Studies have proposed a number of factors contributing to successful implementation of SiD, 
including designers’ knowledge of and attitude towards the concept (Gambatese et al., 2005), 
clients’ influence and power to promote safety in design (Tymvios and Gambatese, 2016b), 
clients’ motivation for safety in design, and commitment and involvement of contractors 
(Goh & Chua, 2016). Nevertheless, an important underlying issue, which remains unresolved, 
is that the efforts to improve WHS at design stage in construction have failed to acknowledge 
and cope with the special characteristics of the design process. This failure has created a 
number of important impediments to achieving safety in design in the construction industry, 
including: 
 
• the application of a linear WHS risk management process in the dynamic design 
environment; 
• confusion about what aspect of a project is the focus of safety in design activity; 
• project complexity giving rise to problems in ascribing responsibility for safety in 
design; and 
• designers’ knowledge and experience relating to construction in general and 
construction WHS specifically. 
The construction industry’s fragmented supply chain and project delivery processes have 
further intensified these issues. 
Overall, the review of the safety in design research and implementation efforts in the 
construction industry suggested that the majority of research, tools and legislation take an 
individualistic perspective on safety in design, assuming that individuals undertake design. 
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For example, recent studies have mostly adopted a psychological perspective focusing on 
designers’ (and other stakeholders) attitudes, acceptance and capabilities in relation to safety 
in design. Similarly, WHS legislation tends to attribute responsibilities to “the designer” as an 
individual role. Furthermore, the tools and frameworks mainly aim to address individuals’ 
knowledge gaps and assist them with WHS related decision-making. Even where these tools 
and frameworks aim to encourage collaboration, they do not do this as an integral part of 
design decision-making. Rather, they take a linear and reactive approach by encouraging an 
add-on review process to enhance WHS after the design has already progressed through its 
stages and key design decisions are already made. 
Effective implementation of safety in design in construction requires collaboration and 
effective interaction between design and construction decision-makers. Particularly, the  
interactions need to support integrating construction knowledge into the design process. It is 
argued that understanding interaction patterns that support design decision-making can 
highlight opportunities for involving participants with construction knowledge in the decision 
process, as well as encouraging free flowing information between participants, to produce 
better decision outcomes. This, in turn, requires approaches that acknowledge the complex, 
dynamic and multilevel nature of the project interactions. 
 
Consequently, the following proposition is made based on the review of the previous research 
and the discussion in this section. This proposition guided the research exercise in this study. 
 
Proposition: 
The implementation of “safety in design” is a process involving social interaction and 
collaborative decision-making; hence, effective social interaction and collaboration 
positively impact safety in design outcomes. 
 
In the remaining sections of this chapter, the social relationships and interactions in 
construction projects are discussed, and studies that have linked these relationships to various 
aspects of project performance are reviewed. 
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 Social interactions in construction projects 
2.4.1 Networks of relationships and interactions at multiple levels 
Construction projects involve inherently social activities (Pryke & Smyth, 2006) where actors 
with a range of skills and expertise engage in social interactions to deliver a set of tasks 
which in turn realise some value. Thus, networks of relations connect project participants to 
each other. Meanwhile, the project participants do not only function within the project 
boundary. There are relations passing through the project boundary and linking the project 
participants to those involved in supply activities. The quality of relations, both within the 
project boundary and in the wider social context, are very important to the success of projects 
(Pryke & Smyth, 2006). 
Reviewing a number of major reports in the UK construction industry, Pryke (2012) 
identified the lack of clarity in the roles of the project participants, and in the relationships 
between them, as a recurring theme for the construction industry. He concluded that the 
participants’ role interdependence, and the interactions between them, are of fundamental 
importance in understanding the operation of the construction project. As he stated, this in 
turn requires an understanding of the variety of possible network configurations through 
which the project participants are connected. 
Pryke (2012) observes that project participants are embedded in multilayered transitory 
networks of relationships that relate to project functions. At the lowest level, individuals with 
project-related responsibilities exchange information with other individuals from the same 
firm and from external firms. These information exchange activities form networks of 
individuals engaged in project initiation, design, management, construction, maintenance and 
service. According to Pryke and Smyth (2006), through these networks, individuals 
communicate in relation to their project roles and responsibilities and establish a sense of 
“mutual understanding” about terminology, values and priorities. Subsequently, social ties 
are created between individuals (Gomez & Pryke, 2009) which enable “special interest 
clusters to form quickly, perform specific multidisciplinary tasks, link to other clusters and 
disperse for the purpose of allowing other, different clusters to form” (Pryke & Smyth, 2006, 
p.23). Therefore, the project networks continually reconfigure, based on the diverse set of 
circumstances, enabling the project participants to deal with the multitude of complex 
activities involved in executing a project (Pryke & Smyth, 2006). 
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At the organisational level, construction projects are conceptualised as networks of firms 
administered by sets of contracts (Pryke, 2012). Winch (1989) refers to construction projects 
as “temporary coalitions of firms” bound together by flows of information and material. 
Similarly, Fellows et al. (1983) state that a construction project is a matrix of relationships 
comprising multiple transactions between firms. From a contractual point of view, each firm 
represents a discrete role in relation to the project realisation and execution. Pryke (2012) 
observes that these different roles are positioned as nodes in networks comprising knowledge 
transfers, information exchange, directions, and financial and contractual relationships.  
In fact, the inter-firm relationships encompass interpersonal networks between firms’ 
members. These networks are associated with information and resource exchanges involved 
during the execution of projects (Pryke & Smyth, 2006, p. 23). These relations are embedded 
in and articulated through human, organisational and information systems within the 
corporate and project environment. The combination constitutes the relationship between 
organisations. The networks are transitory with each link involving resource flows that 
produce a response and generate subsequent dyadic or multidirectional flows until a 
particular function is satisfied (Pryke, 2012). 
Firms also exist and operate in a network of other firms and institutions in the construction 
industry (Pryke & Smyth, 2006). Relationships at this level are more strategic and long-term 
in nature. Depending on the circumstances, firms might become collaborators, such as being 
part of the supply chain for other firms, or competitors within the market. Projects provide 
both the reason and the interface for the formation of the relationships. To gain competitive 
advantage and increase value over the costs, firms might form networks of collaborative 
relationships with other firms with skills, knowledge, attributes and resources complementary 
to their own (Pryke, 2009). Collaborative relations often gain more value over a program of 
projects (Pryke, 2012). Joint ventures, strategic alliances and temporary coalitions (Winch, 
1989) motivated by some form of collaborative procurement strategy are all typical examples 
of collaborative networks of relationships between firms. 
Collaborative relationships or partnering has captured considerable attention from the 
industry. It has been argued that networks of collaborative and long-term oriented 
relationships have enabled more logical and effective integration of previously disconnected 
systems for managing costs, design and production (construction) (Pryke, 2012). 
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The role of informal relationships and trust within the collaborative networks has also been 
highlighted. For example, Ring and Van de Ven (1994, cited in Pryke, 2012) observed over a 
number of strategic alliances that inter-organisational relationships thrived through a 
deliberate mixture of formal and contractual safeguards and informal trust-related 
governance, with the latter increasingly used to compensate and substitute for the former over 
time as parties increased their reliance on trust. Similarly, Barlow et al. (1997) refer to the 
extended enterprise or quasi-firm as networks of firms in partnership and acting in concert for 
continuous improvement. They recognise “a move towards trust and informal arrangements” 
as a perspective on partnering. 
Supply chains as supply networks 
Supply chain management (SCM) in construction is intended to provide a structure for 
managing collaborative relationships to improve value and promote improvement and 
innovation while maintaining the flexibility demanded by the nature of the industry’s 
environment (Pryke, 2009, p. 219). The term “supply chain” implies a linear, sequential and 
hierarchical view of construction procurement; however, Pryke (2009) argues this view is 
only valid at a high and abstract level. According to Pryke, traditional procurement strategies 
are based on dyadic contractual relationships assuming each participant in the supply chain is 
managed by the participant above, and in turn manages the participant or tiers of participants 
below. In other words, the restrictive contractual conditions entail an artificial separation 
between supply chain participants. This is in contrast with the intention of supply chain 
management. Pryke suggests that effective supply chains involve interactions between 
participants who are sometimes located far from each other in the supply chain; thus, to 
create the value in each link, networks of relations are created which extend beyond the 
immediate formal linkages. Through these networks, clusters of suppliers are connected by a 
series of dyadic exchanges which create social and technical systems and are observed as 
dynamic networks of relationships (Pryke, 2012, p.55). 
The definitions of SCM (e.g., Christopher, 1992, cited in Pryke, 2009, p. 31) emphasise the 
integration of processes and systems through the formation and management of “effective” 
cooperative relations within and between organisations involved in value generation 
processes and activities. Hence, SCM implies the idea of forming and effectively managing 
networks of relationships with the aim of improving value at less cost. The effectiveness of 
the relations is particularly emphasised (Jones & Saad, 2003). According to Pryke (2009, 
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p.32), in construction “SCM can be regarded as the process of strategic management of 
information flow, activities, tasks and processes, involving various networks of organisations 
and linkages (upstream and downstream) throughout the project life cycle”. The complexity 
of the network can be very significant, especially on large projects where a significant 
number of separate supplying organisations are involved (Briscoe et al., 2001). 
 
2.4.2 A network approach to conceptualise construction 
The conclusion from the previous section is that a project organisation comprises a number of 
firms that interact with each other, far beyond the traditional functional boundaries, and are 
dependent upon each other’s outputs for their success. The patterns of interaction and 
relationships between these participants are much more important for understanding the 
operation of the project organisation than a simple representation of the formal, perhaps 
contractual, relationship between the participants (Pryke, 2012, p. 22). 
Consequently, management of construction processes calls for sophisticated methods that 
reflect the complexity and dynamism of these processes and the networks of relationships 
surrounding them. Project management has evolved to a relationship stage where high 
performance and client satisfaction are achieved through understanding and managing the 
dynamics of relationships between project participants (Pryke & Smyth, 2006), and the 
quality of relationships between project participants is regarded as a key element in the 
success of a project (Pryke, 2012). 
All organisations consist of social networks and operate in environments comprising 
networks of other organisations (Nohria & Eccles, 1992). Networks of relationships exist at 
all levels of a construction organisation. They need to be understood, managed and 
maintained to improve relationship performance, and in turn they will affect project 
performance (Pryke & Smyth, 2006). To achieve the desired improvements, there is a need to 
move beyond the traditional management techniques. It has been claimed that: 
Many of the terms and techniques that we associate with the management and 
leadership of organisations and projects are redundant or inappropriate if we accept 
the concept of organisation as a network or multilayer of related networks. Actually, 
organisations can be conceptualised in a wide variety of ways. But, if we need to 
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understand, monitor and evaluate systems, we really need to start conceptualising our 
organisation, projects and supply chains in network terms (Pryke, 2012, p. 238). 
 
2.4.3 Social networks and construction project performance 
The conceptualisation of construction projects and organisations as networks of relations 
involves using appropriate methods to visualise and analyse these networks. Traditional 
structure analysis which represents an organisation as a hierarchy of formal authority 
relationships falls short in understanding how projects or other forms of organisation 
perform. The reality is that while the formal structure of a project coalition might remain 
stable throughout the project for contractual reasons, the configuration of members changes 
as they assume different roles for dealing with different activities at various organisational 
levels. Consequently, it is suggested that focusing on networks that deal with particular 
project functions can advance the understanding of different aspects of project performance 
(Pryke & Smyth, 2006). 
Social Network Analysis (SNA) provides a tool to understand and analyse the roles and 
relationships comprising the project coalition. It is an analytical tool that studies the 
relationships, and exchange of information and resources, between “discrete individuals, 
corporates or collective social units” (Wasserman & Faust, 1997, p. 17). Using this technique, 
exchange patterns can be represented in the form of visual models known as sociograms. 
Different attributes of sociograms are described in terms of quantitative network measures. A 
comprehensive explanation of SNA technique is provided in the next chapter of this thesis. 
SNA has been used in previous research as a useful method for understanding and analysing 
the roles, relations and interactions of participants in construction project coalitions. 
Loosemore (1998; 1999) provided one of the first methodological arguments about the 
application of SNA in construction. Loosemore described SNA as a method of 
conceptualising organisations, with its origins in sociology and anthropology. The strength of 
the SNA technique, in his opinion, is in capturing and explaining relational structure and 
patterns of communication flow in a system and describing them numerically; however, he 
also argues that quantitative methods such as SNA need to be combined with qualitative 
methods (e.g., content analysis of interviews in his study) to enhance the understanding of, 
and explain changes in, social roles and communication behaviours in construction projects. 
Loosemore (1999) applied the technique to investigate the interpersonal communication and 
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behaviour patterns within a crisis management context in the UK construction industry. Data 
was collected about the communication (e.g., meetings, letters, facsimiles, and telephone 
conversations) between individuals in different project roles. Quantitative data was 
supplemented by qualitative data from retrospective semi-structured interviews. However, 
this study did not use sociograms to visualise and understand communication networks. 
Pryke (2004) conceptually proposed using SNA to study and compare governance 
mechanisms in construction project coalitions. SNA was considered as a quantitative 
approach to the comparative analysis of different procurement and project management 
methods. In Pryke’s view, SNA is beneficial in quantifying and graphically representing 
changes in actor roles and relationships and measuring the effectiveness of the governance in 
relation to new procurement methods. Construction projects were conceptualised as a 
network of information exchange relationships. Information exchanges were sub-classified, 
based on different project functions, into client requirements, design activities, progress 
management, and financial management. Further, governance was viewed as networks of 
contractual relationships and networks of performance incentives. All the relationships were 
considered at an inter-firm level. Comparing the point centrality of actors in a classification 
of networks across different project procurement types was considered a measure of change 
in roles and relationships. In addition, comparing actors’ centrality in different networks for a 
project was regarded as useful to classify a project governance arrangement and understand 
changes in governance with procurement type. Pryke proposed the correlation between 
contractual relationships, performance incentives, and information exchange networks as a 
measure of maturity of the procurement method. 
Pryke used the above SNA methodology to study information exchanges (instruction, advice, 
and mutual exchange) related to the main project functions, contractual relationships and 
financial incentives between firms in four construction projects in the UK (Pryke, 2005) and 
one project in France (Pryke & Smyth, 2006). These projects used different procurement 
strategies. The study adopted a one-off cross-sectional approach to collect and analyse social 
network data about the information exchange. The study indicated the power of SNA in 
visualising and analysing construction project coalitions. It also indicated the suitability of 
using network density and actor centrality within different relationship networks as measures 
for comparative study of project governance. The study reported on the comparison of 
network measures between the case studies. 
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Chinowsky et al. (2008) proposed a social network model which highlights knowledge 
sharing, in addition to information exchange, as the foundation for achieving high 
performance in project teams. Chinowsky et al. (2008) recognised the importance of project 
social networks and viewed construction projects as social collaborations. Their model is 
based on the proposition that achieving trust and shared values in social networks can lead to 
greater knowledge exchange between project participants which results in enhanced solutions 
and higher performance. Using SNA to map and analyse communication at a relatively low 
level – that is, between individuals in a project team – they found a correlation between poor 
team performance results and measures of centrality and density in communication networks. 
Chinowsky et al. (2010) extended the application of their model to study four engineering 
organisations that provided construction oversight services. The study was conducted at the 
individual level and the SNA took a one-off cross-sectional approach. An online survey was 
used to obtain data about the frequency of communication and knowledge transfer as well as 
levels of reliance, trust and shared values among team members. The quality of 
communication and exchange activities, and the mode of communication, were not studied. 
Network measures of power, centrality, and betweenness were used to study organisational 
leadership in terms of management emphasis on collaboration, while amount of trust, 
communication and knowledge exchange were used to analyse collaboration. It was 
concluded that applying SNA, based on the framework proposed by the model, is beneficial 
to multiperspective analysis of project teams’ performance. According to the authors, using 
sociograms was particularly useful and essential in identifying and understanding differences 
in the patterns of knowledge exchange between cases. 
In line with their previous research, Chinowsky et al. (2011) proposed using SNA in 
combination with task dependency network analysis to assess the level of communication and 
knowledge exchange in construction projects. Social network data was collected about the 
frequency of communication and knowledge exchange between project personnel, and were 
mapped on sociograms. An electronic web-based survey was used for data collection. A task 
interdependency network was developed, based on the project schedule, task time and 
location dependencies, as an indication of dyadic task communication and knowledge 
exchange requirements. As the authors proposed, by comparing these networks, it is possible 
to identify the misalignments between actual and required communication and knowledge 
exchange. However, using the task interdependency network can be less useful in large and 
complex projects comprised of many interdependent tasks because it will be confusing to 
Chapter 2 – Literature review  
72 
 
capture and represent all types of task interdependencies in one network. In addition, the 
method does not consider the specific characteristics of each project and different project 
teams; for example, as project teams gain more experience and get familiar with each other, 
less communication might be required for coordinating work. Nevertheless, using SNA was 
proved to be helpful in mapping and analysing actual levels of communication and 
knowledge exchange in construction projects. 
Ruan et al. (2012) used SNA to examine the knowledge integration process in four 
construction projects, two using collaborative and two using competitive procurement 
systems. The design variation process was considered as the trigger for knowledge 
integration; thus, data was collected about the knowledge contributions from organisational 
departments involved in design change process in the case studies. The selected SNA 
measures were degree centrality, network centralisation and density. Sociograms were used 
to visualise and explore the knowledge flows and relationships between participant 
organisations. Network measures were compared across the case studies. The authors 
observed that knowledge integration networks in collaborative projects were more intensively 
connected than the ones in competitive projects. In addition, the networks were less 
centralised in collaborative projects, suggesting that knowledge supporting activities 
happened relatively equally between all participants. Higher network density in collaborative 
projects was also interpreted as more successful collaborative activities in those projects. 
However, the research did not consider the attributes of the participants and the direction and 
strength of knowledge flows; it focused only on the overall patterns of knowledge supporting 
activities. Nevertheless, the authors concluded that taking a network perspective, and the 
application of SNA in particular, enabled analysis of knowledge supporting behaviours 
beyond the organisational boundaries, and revealed the social complexity of information and 
knowledge integration activities in the turbulent environment of construction projects. 
Social relations and interaction networks in construction projects have also been linked to 
construction WHS performance. Lingard et al. (2014a) used SNA to map the social relations 
between project participants in 13 Australian case studies. The results demonstrated that the 
effective transfer of construction knowledge to design decision-makers, indicated by the 
central position of constructor in social interaction, was associated with improved WHS risk 
control outcomes in construction projects (Lingard et al., 2014a). Consequently, it has been 
proposed that positive WHS outcomes are facilitated through integrating construction process 
knowledge into design decision-making about the permanent features of a building or facility. 
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Previous applications of the SNA in construction have indicated that construction projects 
involve social interactions and relations in the form of social networks. These social networks 
create the substructure that supports different project functions at various levels. Thus, 
analysing project related social networks is a useful method for understanding different 
aspects of project performance. Previous literature, some of which was briefly reviewed in 
this section, has shown that SNA is a useful tool to map and study project social interactions 
and relationships at different levels, and has established a link between social interactions and 
different aspects of project performance. 
So far, the applications of social network analysis in construction projects have been mostly 
one-off, cross-sectional and single-level in their focus, implicitly assuming a static and lasting 
pattern of interactions between project participants. In classic fashion, the technique has 
mostly been used to analyse “static” or “aggregated” networks (Tang et al., 2009) by taking a 
snapshot of social interactions at a particular point in time, or to aggregate social interactions 
over a period of time; for example, over the whole project duration to create an overall view 
of the social network. As such, this approach assumes some level of stability in a project 
social network over time. This assumption might be valid for short periods of time; however, 
its validity is questionable over long time spans due to the dynamic context of construction 
projects. The reality is that while the formal structure of a project organisation might remain 
stable throughout the project for contractual reasons, the configuration of participants 
changes as they assume different roles for dealing with different activities at various 
organisational levels (Pryke & Smyth, 2006). Recently, Pirzadeh and Lingard (2017) applied 
SNA to capture interaction patterns at decision level. This application revealed constant 
changes in social networks as WHS related design decisions were shaped by the interactions 
of project participants. 
Consequently, there is a requirement for studies of relationship and interaction networks that 
take into account the changing nature of interactions and their impact on outcomes at multiple 
levels in a project context. This is particularly important when investigating highly complex 
and dynamic processes such as the design process. In the current study, SNA has been 
applied at decision level to enable mapping and investigation of dynamic interaction patterns 
that underpin design decision-making. Moreover, in order to recognise the socio-technical 
complexities and interdependencies in design process, a multilevel framework was 
implemented representing the design process as a socio-technical network. The research 
methodology, and application of SNA in this study, are explained in detail in Chapter 3. 
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 Summary 
In this chapter, the relevant literature about design decision-making and safety in design was 
reviewed. In particular, the special characteristics of design decision-making were discussed, 
and existing research and practice about safety in design were reviewed critically in light of 
these special characteristics. Based on this review, it was proposed that implementing safety 
in design involves social interaction and collaborative decision-making; thus, effective social 
interaction and collaboration positively impact safety in design outcomes. This proposition 
underlies the research exercise in this study. Subsequently, the social context of construction 
projects, and the previous research linking this context to various aspects of project 
performance, were discussed. It was explained that although SNA has been applied as a 
useful technique to link patterns of social interactions and relationships in construction 
projects to various aspects of performance, largely this application has been static and single 
level. The current study, however, has adopted a detailed, dynamic and multilevel approach 
to investigate the dynamism and socio-technical complexities of design decision-making and 
has linked them to safety in design outcomes. This approach is explained in detail in Chapter 
3. 
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Chapter 3 – Research design and methodology 
 Introduction 
In this chapter, details about the research methodology and design are provided. The chapter 
opens with an explanation of general research approaches, philosophical views and research 
methods. The research approach selected for this study is then justified and the research 
design is explained. The methodological aspects of the selected case study approach are 
discussed. As this study used an existing dataset, the characteristics of the dataset are 
explained and its suitability to achieve the study objectives is explained. In particular, this 
chapter describes the way in which quantitative and qualitative data were combined, and the 
manner in which an innovative multilevel network approach was used to analyse the raw 
(unprocessed) data. The analytical technique, not applied in construction research to date, has 
recently gained recognition in other fields, such as psychology, economics and organisational 
studies. In the last section of the chapter, social network analysis is explained and the 
application of the multilevel network analysis approach is described and justified. 
 
 Research approach 
According to Burns (1997, p.2), research is “a systematic investigation to find answers to a 
problem”. Similar to any systematic process, research involves planning and making 
decisions at the outset. This includes selecting a research approach to study the topic which, 
in turn, is based on the nature of the research problem and the philosophical assumptions 
(worldview) underpinning the study (Cresswell, 2014). 
Research approaches often, explicitly or implicitly, incorporate some philosophical 
considerations. These philosophical perspectives, also referred to as “worldviews”, put 
forward arguments about the way knowledge is attained and interpreted, and shape the intent, 
motivation and expectations for undertaking research (Mackenzie & Knipe, 2006). These 
philosophical perspectives have traditionally been classified into dichotomous positions, such 
as: realist-relativist, positivist-interpretivist, objectivist-subjectivist, reductionist-
constructivist, and hard-soft. The use of various terminologies, referring to different levels of 
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abstraction, has created some confusion. Nevertheless, in more recent descriptions, authors 
have provided a range of choices to be made at a philosophical level, rather than limiting the 
perspectives to mere dichotomies. For example, Saunders et al. (2012) provide a range of 
philosophies in their framework including positivism, realism, interpretivism, objectivism, 
subjectivism, pragmatism, functionalist, interpretivism, radical humanist, and radical 
structuralist. Cresswell (2014) prefers to include four philosophical worldviews in his 
research framework, which are: positivist, constructivist, transformative, and pragmatic. 
Figure 3.1 illustrates Cresswell’s framework for research. Based on this framework, three 
interdependent components are involved in selecting a research approach: philosophical 
worldview, research design and research method. 
 
Image removed due to copyright restrictions. 
 
Figure 3.1: A research framework representing different aspects of selecting a research 
approach and the interrelationships between them (Cresswell, 2014, p.05) 
Research approaches are predominantly divided into qualitative and quantitative processes. 
However, according to Newman and Benz (1998) these approaches represent two ends of a 
continuum and study approaches can be located anywhere between these ends. Cresswell 
(2014) considers mixed methods research in the middle of this continuum as it includes 
elements from both approaches. 
Quantitative research, according to Golafshani (2003, p. 597), employs experimental methods 
and quantitative measures to test hypothetical generalisations, and emphasises the 
measurement and analysis of causal relationships between variables. As she states, this 
approach requires a researcher to get familiar with the research problem or concept and 
perhaps generate hypotheses for testing. It is in line with the “positivist” worldview in which 
the emphasis is on facts and causes of behaviours. Therefore, it suits problems which reflect 
the need to explore the causes that influence outcomes (Cresswell, 2014). In dealing with 
research problems, this worldview takes a reductionist approach to narrow down the ideas 
into a small set of testable hypotheses and develop knowledge based on observation and 
measurement of an objective reality (ibid). To measure variables, the quantitative researcher 
needs to develop and administer instruments which can take valid and reliable measures. The 
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researcher uses deductive reasoning to link theory and research (Bryman, 2008). However, as 
Golafshani (2003, p.598) states, the core assumptions in the quantitative positivist approach 
is that “social facts have an objective reality” and “variables can be identified and relations 
can be measured”. 
In contrast, a qualitative approach, tries to understand the senses and definitions that 
individuals or groups ascribe to phenomena. It takes an inductive style in searching for 
subjective meanings and rendering the complexity of situations (Cresswell, 2014). In 
addition, it uses a naturalistic approach in understanding phenomena in context specific 
settings without a researcher’s manipulation (Golafshani, 2003). Methods like observation 
and interviews are dominant for data collection in this approach and the researcher tries to 
interpret the data in the real-world setting. This approach is in line with the social 
constructivist worldview which values the subjective meanings and experiences that 
individuals develop when seeking to understand the world (Cresswell, 2014). The goal of the 
research is to understand, and rely as much as possible on, the various views of the situation 
under study. Thus, the researcher typically asks general and open-ended questions to allow 
participants to construct their meaning of the situation during discussions (ibid). The 
researcher’s ability, background and personal experience influence the interpretation of the 
data which in turn affects the credibility of the research. 
Regarding the selected research approach, this study held a middle position on the 
quantitative-qualitative continuum. It employed methods from both quantitative and 
qualitative approaches. The research problem in this study required investigating the nature 
and impact of the social interactions between design and construction decision-makers on 
WHS in the complex socio-technical system of the construction project environment. As 
such, the study drew on the characteristics of both social and technical domains. Decision-
making about design and WHS is a complex process which involves rational thinking and 
interaction between participants with different levels of experience, WHS knowledge and risk 
perceptions. Thus, understanding project participants’ roles, behaviours and viewpoints as 
they make WHS related decisions is an important step in explaining how and why social 
intra-project interactions affect WHS related technical outcomes. In addition, the social 
context in construction projects is dynamic and complex (Tryggestad et al., 2010; Lingard et 
al., 2012). As a result, any research approach employed to study construction projects should 
be flexible enough to cope with this complexity and dynamism. According to Loosemore 
(1998, p.315), “both quantitative and qualitative methods have a role to play in understanding 
Chapter 3 – Research design and methodology  
78 
 
the complexity of people’s changing social roles, positions and behaviours within 
construction organisations”. For this study, the combination and analysis of both quantitative 
and qualitative data enabled the researcher to:  
• investigate social and technical project interactions;  
• identify the factors influencing decision outcomes; and 
• explain their relations and effects.  
Thus, the research benefited from the deeper understanding facilitated by integrating 
quantitative and qualitative approaches. 
Johnson, Onwuegbuzie and Turner (2007, p.123) define mixed method research as a type of 
research that combines elements of the quantitative and qualitative approaches for the broad 
purposes of breadth and depth of understanding and corroboration. Similarly, Cresswell 
(2014, p.4) states that mixed methods research involves collecting and analysing both 
quantitative and qualitative data and integrating them through a distinct research design 
which may involve different philosophical assumptions and theoretical frameworks. From the 
philosophical point of view, this research approach is in line with the “pragmatic” worldview 
which is concerned with solutions (i.e., what works) to a research problem (Cresswell, 2014). 
The mixed methods approach gives the researcher a freedom of choice to use a variety of 
methods to understand the problem (Rossman & Wilson, 1985) by considering “what” and 
“how” questions. An advantage of this approach is the possibility of studying a phenomenon 
from multiple points of view, which can improve accuracy and stimulate further enquiry of 
existing understanding (Zou et al., 2014). 
 
 Research design 
The research design is an action plan, incorporating the logic that ensures coherence between 
the data, the findings and the initial questions of a study (Rowley, 2002). According to 
Bryman (2012, p.46), the selection of a particular research design reflects decisions about the 
priority the researcher has given to a range of dimensions of the research process. 
This study employed a convergent mixed method design. According to Cresswell (2015, 
p.35), this design involves merging the results of quantitative and qualitative analysis to 
understand the research problem from multiple perspectives. As he further explains, the 
Chapter 3 – Research design and methodology  
79 
 
quantitative results provide general trends and highlight relationships, while qualitative 
results enable exploration of the in-depth viewpoints of individuals. Thus, the combination of 
results facilitates a more complete understanding of the phenomenon under study, and helps 
the researcher to advance multiple perspectives or validate one set of findings with the other 
(Cresswell, 2015). 
The research problem for this study can be viewed from both quantitative and qualitative 
perspectives. On one hand, this study aimed to investigate the nature of the relationship 
between interaction network characteristics and WHS decision outcomes in construction 
projects. This was deemed to be best achieved using a quantitative approach. Previous 
research has used a quantitative approach to study the relationship between complex intra-
project interactions and different aspects of project management such as effectiveness of 
contractual and performance incentives (Pryke, 2004), knowledge management (Brookes et 
al., 2006), project team performance (Chinowsky et al., 2008), project effectiveness 
(Chinowsky et al., 2011), and level of profit performance (Park et al., 2010). Recently, 
Lingard et al. (2014) used quantitative techniques to link the patterns of constructors’ 
communication with other stakeholders to project WHS performance. This study also adopted 
a quantitative approach to specifically investigate the relationship between different features 
of intra-project social interactions and the WHS related technical outcomes in a number of 
construction projects.  
On the other hand, this study sought to further understand how and why various interaction 
network configurations affect WHS related decision outcomes. A qualitative approach was 
deemed suitable to answer the “how” and “why” questions. This approach provided a more 
complete understanding of the various views and explanations provided by the project 
participants about design decisions and WHS, and helped to find out how they communicated 
their views during design decision-making and in socially negotiating different project design 
outcomes. 
Figure 3.2 illustrates the detailed research design for this study. This study adopted a case 
study approach that analysed an existing dataset. The data were originally collected as part of 
a 5-year research project undertaken at RMIT University on behalf of the USA’s National 
Institute of Occupational Safety and Health (NIOSH). Information about the nature of the 
existing dataset is provided in the following sections of this chapter.  
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Figure 3.2: Research design for this study 
During the quantitative analysis in each case study, the impact of the interactions between 
design and construction decision-makers on construction WHS was investigated. The 
analysis also identified different network features and configurations and determined which 
configurations were linked to better WHS decision outcomes. Social network analysis, as 
well as statistical analysis and data visualisation techniques, were employed to analyse the 
quantitative data. On the other hand, the qualitative analysis examined the design decisions, 
the reasons for making them, their interdependencies, and the WHS outcomes from them. 
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 Case study strategy 
Yin (2009, p.18) defines a case study as an “empirical inquiry” to “investigate a 
contemporary phenomenon in-depth and within its real-life context, especially when the 
boundaries between the phenomenon and context are not clearly evident”. Similarly, 
Eisenhardt (1989, p.534) considers a case study as a “research strategy” to understand the 
dynamics present within single settings. Thus, case study research involves an investigation 
of the details, complexities and particular nature of a phenomenon with appreciation of its 
particular context (Stake, 1995). 
This study adopted a case study strategy due to the nature of the research problem which 
required an in-depth understanding of social interactions within the specific context of 
construction projects. A case study strategy allows for investigation of the context specific 
complexities and dynamics of a case (Stake, 1995; Eisenhardt, 1989). The social and 
technical contexts of construction projects are complex and dynamic. The complexity stems 
from the multicultural, multilocation, multidisciplinary, and multiorganisational nature of 
construction projects (Schwegler et al., 2001). Particularly, the division of labour in the 
construction industry means that executing construction projects involves a complex network 
of participants that changes dynamically throughout the duration of a construction project 
(Pekericli et al., 2003). Thus, any effort to study the social interactions within construction 
projects needs to cope with, and delve into, this contextual complexity and dynamism. The 
high context sensitivity (Yin, 2009) of the case study approach allowed for consideration of 
environmental and contextual variables acting within each project, adding depth to the 
investigation. 
A case study strategy facilitates the detailed investigation of a research problem (Yin, 2009). 
Case studies are particularly useful in answering “how” and “why” questions and can be used 
for exploratory, descriptive or explanatory research (Rowley, 2002). In addition, they allow 
for combination of both qualitative and quantitative data and offer a holistic view of each 
case (Eisenhardt, 1989). Thus, a case study strategy was favoured to provide an in-depth and 
multifaceted investigation of socio-technical complexities in construction projects. 
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 Case study design 
A case study requires “a logical plan” to ensure objectives are appropriately met (Yin, 2009). 
The purpose of the design was to capture the variations in interaction patterns and design 
decision-making process, and to investigate their impact on WHS outcomes in different 
project settings. An embedded multiple case approach underpinned by replication logic was 
adopted for this study. 
 
3.5.1 Multiple case study approach 
Yin (2009) identifies four types of designs for case studies: single-case (holistic) design, 
single-case (embedded) design, multiple-case (holistic) design, and multiple-case (embedded) 
design. As he further explains, a single case is useful in several circumstances:  
• as a critical case in testing a well-formulated theory;  
• as an extreme or unique case;  
• as a representative or typical case to capture the circumstances and conditions of a 
commonplace situation;  
• as a revelatory case to capture and analyse a phenomenon previously inaccessible to 
social science inquiry; or  
• as a longitudinal case to study a single case at different points in time to capture 
changes in certain conditions over time.  
Moreover, a case study can be classified as using a holistic design or an embedded design 
(Yin, 2009). A holistic case study examines the global and overall nature of a phenomenon 
(unit) while an embedded case study investigates more than one unit of analysis (or sub-units) 
within a case (ibid). According to Yin (2009), a potential vulnerability in using a single case 
study is the risk of misrepresentation. A multiple case study design reduces this risk by 
examining multiple cases jointly. The logic is either to predict similar results (literal 
replication) or to predict contrasting results but for anticipated reasons (theoretical 
replication) (Yin, 2009). The multiple case study approach is also favourable for enhancing 
results generalisation and offering greater opportunity for understanding phenomena through 
comparison (Bryman, 2008). However, researchers have also been cautioned that planning 
for cross-case comparison might diminish the integrity of individual cases and reduce them to 
a number of overly simplified and easily comparable variables (Stoecker, 1991). Therefore, a 
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balance should be pursued when designing multiple case study research, so that each case can 
be autonomously analysed prior to engaging in cross-case comparison and generalisation 
(Stake, 1995; Eisenhardt, 1989). 
Using multiple cases in this study enabled the researcher to investigate the effect of different 
contextual settings and circumstances on social interactions and their relation to WHS 
performance. Each construction project is unique in its outcomes, requirements, priorities, 
challenges and social settings. As a result, for each project, the context in which social 
interactions occur is unique. In addition, each case study adopted an embedded design. This 
enabled the researcher to study the social interactions in each project at two analytical levels: 
over the whole design decision-making process, and during individual decisions about 
particular design elements. This approach was believed to provide a better view of the 
complexity and variability of these interactions, and consider the effect of project contextual 
setting and decision particular circumstances on the interactions. This, in turn, helped in 
understanding, and explaining how and why, these interactions impacted WHS in different 
contextual settings. 
For this study, the case studies were purposefully selected on the basis that the project 
participants demonstrate “safety in design” processes as part of their broader WHS risk 
management processes, and each case involved particular WHS challenges for construction. 
However, to ensure context variability, the selected case study projects varied in terms of 
delivery mechanism and industry sector. In addition, the case studies indicated a high level of 
integration between design and construction disciplines. This helped the researcher to find 
enough evidence by focussing on the quality of the interactions between these disciplines and 
exploring how these interactions contribute to construction WHS. In addition, for each case, 
as part of the original data collection process, it was confirmed that all the participants 
involved in design and construction decision-making were available and willing to participate 
in the study. This ensured the completeness and reliability of the data. The cases are 
described in section 3.5.4 below. 
 
3.5.2 Replication logic 
The multiple case study approach was underpinned by “replication” logic, meaning each case 
helped to support or refine the study proposition that “safety in design” implementation is a 
process involving social interaction and collaborative decision-making (see chapter 1, 
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section 1.5). An analytic generalisation principle (Yin, 2009) was adopted by using this 
proposition as a template for the cross-case comparison of case study results. 
The cross-case comparison was planned and performed to ensure the identity and contextual 
autonomy of each case. Each case formed a whole study individually, during which 
convergent evidence was sought and the conclusions informed replication in other cases (Yin, 
2009). A more robust cross-case comparison was achieved by:  
1. Applying a framework and criteria which had been applied for the selection of case 
studies (the criteria for the selection of the case studies was briefly mentioned in the 
previous section, further discussion is provided in section 3.5.4 below). 
2. Using structured and standard procedures and methods by which the data had been 
collected (discussed in section 3.6). 
3. Developing an explicit design at the commencement of the research (see section 3.3).   
4. Using structured and systematic methods of analysis (see section 3.8). 
These considerations assured consistency and structure for the systematic investigation of 
similarities and contrasts between cases. The consideration of multiple perspectives during 
analysis assisted in capturing the context variation and allowed for the pursuit of potentially 
interesting issues in cases they arose. Thus, an attempt was made to keep a degree of 
flexibility that ensured the idiosyncrasy of each case. 
 
3.5.3 Validity and reliability 
Validity concerns the credibility and accuracy of findings (Cresswell, 2014). Validity tests 
are used to examine the quality of the research and the extent to which the study methods are 
appropriately selected and applied. Table 3.1 outlines the ways by which validity and 
reliability were ensured in this study. 
The following types of validity were considered in the research process: 
• Construct validity: refers to identifying and establishing appropriate operational 
measures for the concepts being studied (Yin, 2009). 
• Internal validity: refers to the extent to which an identified effect is the consequence 
of a causal relationship rather than spurious relationships (Yin, 2009; Fellows & Liu, 
2008).  
Chapter 3 – Research design and methodology  
85 
 
• External validity: refers to the generalisability of the study findings and defining the 
domain to which the findings can be generalised (Yin, 2009; Fellows & Liu, 2008). 
Reliability is about demonstrating that if the study is repeated, using identical procedures and 
operations, it leads to similar results (Yin, 2009).  
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Table 3.1: Validity and reliability aspects of case study design (based on Blismas, 2001) 
Tests Suggested Case Study Tactics Conditions and Comments Specific measures adopted in this study 
Construct 
Validity 
• use multiple sources of evidence (Yin, 2009; 
Eisenhardt, 1989) 
• establish chain of evidence (Yin, 2009) 
• have key informants review draft case study 
report (Yin, 2009; Stoeker, 1991) 
• refutability principle: refute assumed relations 
between phenomena (Silverman, 2005) 
• most measures take place at the data 
collection phase, with review at the 
composition phase 
• Multiple sources of evidence were used (section 
3.6.1) 
• Multiple perspectives were sought in interviews 
(section 3.6.1) 
 
Internal 
Validity 
• triangulation (Stoeker, 1991) 
• comprehensive data treatment (Silverman, 2005) 
• case comparisons (Stoeker, 1991, Silverman, 
2005) 
• do pattern-matching (Yin, 2009) 
• do explanation-building (Yin, 2009) 
• use tabulations and quantification if possible 
(Silverman, 2005) 
• internal validity issues are usually 
addressed at the data analysis phase 
• theoretical sampling plays a role in 
enhancing internal validity (Stoeker, 
1991) 
• deviant case analysis important 
(Silverman, 2005) 
• triangulation of data, evidence and analysis 
(section 3.6.1) 
• case comparisons undertaken using suggested 
approaches such as quantification and pattern 
matching (section 3.8) 
External 
Validity 
• use replication logic in multiple cases studies 
(Yin, 2009) 
• case comparisons (Stoeker, 1991) 
• external validity needs to be addressed 
at the research design stage 
• case comparisons may strip integrity 
of cases (Stoeker, 1991) 
• replication logic design adopted (section 3.5.2) 
• case comparisons undertaken (section 3.8) 
 
Reliability • use case study protocol (Yin, 2009); 
• develop case study database (Yin, 2009) 
• important consideration at the data 
collection phase 
• case study protocol used and adhered to during 
the original data collection (sections 3.6.1 & 3.7) 
• case study database maintained (section 3.7.2) 
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3.5.4 Cases and units of analysis 
Selecting the unit of analysis is crucial for case study research. A “unit of analysis is the basis 
for the case” (Rowley, 2002, p.19) and specifies the focus of the research. Examples of the 
unit of analysis, according to Rowley (2002), are an individual, an event or process, an 
organisation or team or departments within the organisation. According to Yin (2009), the 
definition of the unit of analysis (and similarly the case) is related to the definition of the 
initial research questions. It is also important to distinguish the unit of analysis from its 
context, and to specify the timing (that is, the beginning and the end of the case) (de Weerd-
Nederhof, 2001).  
This study aimed to investigate the impact of social interactions, between participants in the 
design process, on WHS performance in the specific and unique context of construction 
projects. Construction projects are made up of several elements with different design features 
and WHS requirements. Examples include the foundation system and the steel structure. For 
the current study, investigating project elements with particular WHS 
requirements/challenges was deemed to be more appropriate, rather than studying a whole 
project, as it brought focus to the study and enabled the researcher to better capture the 
particular WHS requirements and interdependencies between design decisions in each 
element. Consequently, each case comprised a project element. For consistency and clarity, 
and to easily identify case boundaries, the definition of “feature of work” (Lingard et al., 
2014; Pirzadeh et al, 2015) was adopted to specify a case; that is, a feature of work is a 
particular element characterised by distinct and interrelated design decisions, and involving 
a group of construction activities which are distinct from other activities in terms of control 
requirements (e.g., WHS), location, work crews or disciplines. 
In total, six cases were selected for the research. The cases were particularly selected to cover 
a range of contextual factors, thus bringing breadth to the study. The cases represented 
different features of work and varied in the construction and WHS challenges they involved. 
The cases covered multiple industry sectors, including the industrial, commercial and 
residential (high-rise) sectors. In addition, one case was from the public sector while the other 
five were from private projects. The cases also involved different procurement arrangements, 
including: (i) D&C, (ii) traditional, and (iii) accelerated D&C. Three of the cases were from 
brownfield projects, and the other three were greenfield. Two of the brownfield cases also 
involved the demolition of previous structures or facilities, and one brownfield case involved 
rehabilitating an existing damaged building.  
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Three of the cases belonged to one construction project, while the rest of the cases were 
drawn from different projects. This was important because it allowed account to be taken of 
the similarities and differences in the context of each case. In this way, three of the cases had 
the same project context (e.g., project strategy and plan, client objectives, regulatory 
requirements, time, cost and quality constraints), while the other three cases had different 
contexts. The advantage of selecting cases from one project was that it enabled the researcher 
to isolate the potential effects of contextual factors while undertaking the cross-case 
comparison. At the same time, the researcher was able to draw on the contextual differences 
between cases by comparing cases from different project settings. This, in turn, contributed to 
the rigour and comprehensiveness of the cross-case comparison in this study. 
The selected cases were also different regarding their overall level of WHS performance. The 
WHS performance of each case was assessed in terms of the effectiveness of the WHS risk 
controls implemented during the construction stage in that case. To score and compare the 
overall effectiveness of WHS risk controls, the hierarchy of control (HOC) concept was used. 
Details of the assessment approach are provided in section 3.8.1 in this chapter. The overall 
WHS performance was one of the case selection criteria for this study; that is, the selected 
cases included cases with high level of WHS performance, as well as cases with relatively 
low WHS performance. This added breadth to the multiple-case study and was an advantage 
when undertaking the cross-case analysis. The reason is that the researcher was able to 
compare the cases with relatively higher and lower WHS outcomes and identify their 
similarities and differences in relation to design decision-making and its underpinning social 
interactions. This allowed the researcher to make stronger arguments about the association 
between different decision-making and social interaction aspects and WHS outcomes. Table 
3.2 summarises the cases included in this study.
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Table 3.2: Outline of the cases in this study 
ID Project Case/Feature of Work Industry Procurement Type 
A 42-storey residential 
complex 
Construction/installation of 
façade 
Residential/high-
rise 
D&C Brownfield 
B Manufacturing 
facility 
Roof and wall cladding Industrial D&C Greenfield 
C Manufacturing 
facility 
Erection/installation of roof 
structure 
Industrial D&C Greenfield 
D Manufacturing 
facility 
Construction of foundation 
system and steel structure 
Industrial D&C Greenfield 
E Cemetery 
mausoleum 
Construction of basement 
mausoleum 
Commercial 
(Public) 
Traditional Brownfield 
F Food processing 
plant reconstruction 
Steel columns Industrial Accelerated 
D&C 
Brownfield 
(retrofit) 
 
The design decision-making process in each case was defined as the unit of analysis. This 
focused the study on processes and activities related to design decision-making and their 
impact on WHS: that is, safety in design. 
In construction projects, social interactions and negotiations occur between project 
participants at each decision point. Thus, the embedded unit within each case was each 
individual decision scenario, including the options considered and selected and the social 
interactions that underpinned decision-making.  
Involvement in decision-making about the permanent design or construction process for each 
feature of work was considered as the criterion which defined the case boundary for project 
participants. The duration of each case was selected as the duration of design decision-
making (including revisions) for each feature of work. This allowed for investigating the 
decision-making and decision revisions, and changes of interaction patterns, in each case. 
Decisions made during the early stages of projects about various aspects of design and 
construction are subject to change as patterns of interaction change, or new information 
becomes available, or requirements change. To capture and study this dynamism, the social 
interactions for each case needed to be studied at decision level over the whole design 
decision-making and revision process for each case. 
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 Case study data 
This study drew upon data from, and substantially extended, a previous research project 
conducted at RMIT University (see Lingard et al., 2014a, for more details). The researcher 
used a comprehensive dataset collected during the previous research project and used a new 
approach (described in sections 3.9.4 and 3.9.5) to undertake a more fine-grained analysis of 
the data. The dataset had been collected as part of a 5-year collaborative benchmarking 
project between RMIT University and Virginia Tech, funded by NIOSH (USA). Previously, 
the analysis of the dataset took a static view of project interactions and used aggregated and 
descriptive measures to analyse the quantitative data. 
In contrast, the current study combined the qualitative and quantitative data and adopted a 
multilevel perspective to investigate the interdependencies between social interactions and 
decision outcomes at different levels. Interaction patterns were studied at each decision point 
to identify changes over the decision-making process. Thus, by combining multilevel and 
longitudinal perspectives, the researcher was able to capture and understand the complexities 
and dynamics of design decision-making and the social interactions underpinning it. The 
researcher used a new statistical network technique (which has not been applied in 
construction research) and combined it with qualitative analytical techniques. This enabled 
the researcher to investigate the “building blocks” of social interaction networks and 
understand social processes at a local level that give rise to emergent global interaction 
patterns. The understanding of these processes and patterns enabled the researcher to explain 
how and why social interactions influence decision outcomes (particularly those affecting 
WHS). The following section describes the use and suitability of the existing dataset. 
 
3.6.1 The characteristics of the data 
This section provides information about the existing dataset used in this study. The 
information includes: the types of data and the data collection techniques. 
The dataset consisted of transcripts of 185 in-depth interviews with participants from 10 
construction projects in Australia and New Zealand. In each project, “features of work” were 
identified. The total number of features of work in the dataset was 23. The number of features 
of work from each project varied between one and four, with the mean value of 2.3. The 
average number of in-depth interviews per feature of work was 8.04. In addition, data in 
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relation to social interactions was collected for 13 features of work. This data was formatted 
into Excel spreadsheets containing quantitative data about interactions between participants 
in decision-making for each feature of work.  
Interviewees were key participants involved in the planning, design, and construction of the 
projects and typically included design professionals and consultants, constructors, suppliers 
of materials or equipment, specialist subcontractors, clients, end-user representatives, and 
external regulatory agencies. The purpose of the interviews was to explore key decisions that 
were made about the design of permanent features of the building/structure in each project, 
the process by which the building/structure was to be constructed, and the way that WHS 
hazards/risks associated with the construction process were controlled. The participants in 
each project were initially asked to explain the project characteristics and their roles in the 
project. Then they were asked to describe key technical decisions they were involved with (in 
relation to the identified features of work for that project), the reasons and circumstances for 
each decision and the outcomes, their involvement, and the WHS implications associated 
with any of the decisions. 
Subsequently, key design decisions with an impact on construction WHS were identified 
from the interviews. A decision was identified as the point at which a technical choice had 
been made between two or more options. The WHS implications of the decisions were also 
identified from the interview contents. To reduce the impact of self-reporting bias, and to 
avoid over-reliance on one interviewee (Yin, 2009), the data was triangulated by comparing 
different interviewees’ statements. In the case of inconsistency between interviewees’ 
recollections, further verification was sought from the relevant interviewees until a clear 
consensus about decision-making was achieved. 
Data relating to social interactions were collected by conducting additional interviews with 
key project participants from seven projects who were involved in 13 features of work. Using 
name generators, the interviewees were asked to identify participants whom they interacted 
with in relation to each of the key decisions; thus, other actors involved in the interaction 
networks were identified for each case. Participants were included if they met the criteria 
suggested by Pryke (2005): that is, (1) the individual was employed in one of the firms 
comprising the project coalition and was actively engaged in the project decision-making, 
and (2) the interaction between the individual and at least one other actor in the network was 
perceived to be significant in terms of frequency and/or importance of input by other actors. 
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For each case, this process continued for each key decision until no new actors were 
identified in the interviews. In this way, for each decision, a list of participants was created.  
All identified participants in each case were then asked to rate the frequency and importance 
of their communication with each of the other actors at each decision point. The participants 
were advised that all types of formal and informal communication were included. Each actor 
was asked the following questions: 
(1) How frequently did you give information to this person when [a particular decision] 
was being made? 
(2) How frequently did you receive information from this person when [a particular 
decision] was being made? 
(3) How important was the information you gave to this person for making [a particular 
decision]? 
(4) How important was the information you received from this person for making [a 
particular decision]? 
Participants responded to questions 1 and 2 using a 5-point Likert response format ranging 
from 1 (occasionally) to 5 (daily). Questions 3 and 4 were open-ended. By asking the open-
ended questions respondents were given the freedom to describe the importance of 
communication in their own words, enabling the identification of relevant communication 
activities relating directly to design decision-making, as opposed to general administrative 
communication. Responses to these questions were reviewed and qualitatively coded by the 
researcher into the following five categories. 
1 The communication was not important to design decision-making.   
2 Was good to know but had little impact on design decision-making 
3 Was good to know and was somewhat important to design decision-making 
4 Needed to know to contribute to the design decision-making 
5 Highly important and could not proceed without this communication 
 
Interviewees were also asked to nominate who they considered to be the most influential 
participants in each decision-making scenario (considered as decision-making power). They 
were asked to rate all the participants listed in the name generator, including themselves, 
from greatest influence to least influence on decision-making at each decision point. A 
participant’s “decision-making power” was calculated by adding up the rates received. The 
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results were scaled to range from 0-5. All the interaction data were formatted and saved in 
Excel spreadsheets. 
 
 Case study protocol 
Establishing case study protocols is an important way of maintaining focus on the object of 
study (Patton & Appelbaum, 2003; Yin, 2009). The protocol is a way of increasing the 
reliability of case study research and is particularly important when undertaking a multiple-
case study (Yin, 2009). Case study protocols are recognised for the structure and guidance 
they provide for data collection. While the current study used existing data, developing a case 
study protocol facilitated a structured approach for ensuring theoretical alignment between 
the dataset and the project objectives. The advantages for the current study were that: 
• it kept the study targeted on the topic and objectives of the study. It offered a 
framework, based on the literature, which, in turn, ensured the suitability of the 
existing dataset for attaining the study objectives. The criteria for assessing this 
suitability were included in the protocol; 
• it guided the analysis and ensured meaningful cross-case comparisons through 
providing consistency of format and analytical approaches between cases; and  
• it helped to address reliability and repeatability concerns. 
The protocol covered three main areas. These areas were: 
• ensuring the suitability of existing dataset; 
• organising and maintaining case study database; and 
• data analysis and representation. 
These areas are explained in the following sections. 
 
3.7.1 Ensuring the suitability of existing dataset 
The existing data was deemed suitable for the current study for several reasons, as follows: 
• Alignment of research objectives: The objectives of this study were in line with, and 
represent a substantial extension of, the objectives from the previous research project. 
The previous research explored the effect of overall interactions and information 
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exchanges during design decision-making on WHS in construction projects. The 
research project provided evidence that positive WHS outcomes are facilitated 
through integrating construction process knowledge into design decision-making 
about the permanent features of a building or facility. Subsequently, the current PhD 
study aimed to further investigate this relationship through understanding the 
characteristics of effective communication about WHS related design decision-
making and investigating how effective communication can contribute to the 
achievement of safety in design. 
• Case selection criteria: The previous research project used a case study approach. 
The case study data were collected using purposeful sampling. Purposeful sampling 
involves verification that each case meets certain criteria before it is accepted in the 
sample. For a case to be considered the following criteria had been established: 
• it had to be drawn from a construction project – ideally a “live” project to ensure 
participants would be able to directly focus on and recall the decision-making 
process, the communication related to it, and the decision outcomes; 
• it had to involve access to the design and construction participants – using a “live” 
project facilitated easier access to potential participants where resource 
commitments to the project have already been made; 
• it had to be taken from projects using a variety of contractual/organisational 
arrangements; 
• it had to be taken from projects ranging in cost starting from $250,000 +; 
• there had to be variation in types of works (i.e., commercial/public, residential, 
industrial); and 
• the project had to present particular WHS challenges for construction. 
This study similarly used a case study approach and applied the criteria above. These 
criteria aligned with the aim of this study, rendering the data suitable for the current 
study. Subsequently, as explained in section 3.5.4, the researcher applied additional 
selection criteria and selected six cases, from the 13 cases in the dataset, for the 
current study.  
• Data types and data collection methods: The dataset included both quantitative and 
qualitative data. These data types were combined within each case. This combination 
was highly synergistic (de Weerd-Nederhof, 2001), enabling the researcher to uncover 
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all kinds of relationships and explain them using the richness that comes from 
qualitative anecdotal data (Mintzberg, 1979). Moreover, the fine-grained nature of the 
quantitative data, which was collected at decision level, made the data suitable for the 
detailed analysis of changes in interactions and decision circumstances, which was a 
purpose of the current study. The qualitative data helped to further explain the 
findings. 
 
3.7.2 Organising and maintaining the case study database 
Data related to each case study were referenced (so that the filename reflected the case they 
belonged to, the type of data, and the revision number for processed data) and stored in 
separate folders. The interview transcripts were also imported to NVivo 11 software for 
further analysis and management. Separate nodes were created for each case in NVivo 11 
with sub-nodes referring to each individual decision. This approach created a useful structure 
for coding and arranging the case evidence, and made later retrieval of the evidence more 
reliable. The quantitative data about the interactions for each case study (in spreadsheet 
format) were also referenced and stored in the relevant case folders. During the analysis, 
processed data was saved in a separate folder to make sure that the raw data was always 
intact. The database was backed up regularly during the study. Data was protected in a 
manner specified by RMIT Research Data Management Policy. Both raw and processed data 
were stored in a password protected folder on the RMIT network. 
 
 Data analysis and representation 
To draw empirically based conclusions, case study evidence needs to be analysed – that is, 
categorised, examined, tested and sometimes recombined. As Yin (2009) suggests, a general 
analytic strategy is the best preparation for conducting case study analysis. He further 
identifies four analytic strategies: relying on theoretical explanations, case description, using 
both qualitative and quantitative data, and examining rival explanations. The current study 
adopted the third strategy for two reasons: (1) the case study evidence in this study contained 
substantial and rich data of both quantitative and qualitative nature, and (2) the research 
problem in this study could be investigated more comprehensively through considering 
quantitative and qualitative aspects of design decision-making in each case. 
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The quantitative data in this study helped to understand the structure of the social interactions 
in cases. The researcher was then able to explore and compare the decision-making episodes 
in terms of the structure of their social interactions, as well as their WHS outcomes. In 
particular, the analysis of quantitative data enabled the researcher to investigate:  
• the characteristics of the social interactions that underpinned design decision-making 
and influenced WHS performance. This was indicated by capturing the frequency of 
social interactions, evaluating the network patterns, and investigating the building 
blocks of the interaction networks in case projects; and  
• the level of WHS performance in case projects. This was captured by assessing the 
effectiveness of WHS risk controls implemented.  
The qualitative data, described the design context as well as the circumstances of specific 
decision-making episodes and their interdependencies in each case. This was crucial to 
further understand and explain the relationship between the characteristics of social 
interactions and the effectiveness of decision outcomes. 
The qualitative data for this study consisted of interview transcripts, and project 
specifications and documents in some cases. Content analysis was done on this data to 
identify and contextualise the design decisions, and to reveal the rationale for the decision-
making and the chronology and interdependencies of the decisions. Narratives were 
developed describing the key decision-making episodes in each case. In addition, network 
diagrams were developed showing the interdependencies between the decisions (see Figure 
3.4). The patterns of these interdependencies were studied with application of social network 
theory. This involved transforming qualitative data about decision interdependencies into 
quantitative network data (the analysis process is explained in sections 3.8.2 and 3.9). 
At the same time, the underpinning patterns of interactions among participants were 
examined. Using the quantitative data about the communication during design process, 
interaction networks were developed capturing the frequency of information exchanges 
between participants at each decision-making point. The nodes in these networks indicated 
participants involved at each decision-making point, and the ties between them reflected the 
information exchanges. The pattern of these networks was studied at each decision point. In 
addition, the networks for each case were aggregated, for all the identified design decisions, 
and averaged to capture the overall interaction pattern during the design process for each 
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case. The size of these networks, in terms of the number of nodes (i.e., participants), ranged 
from 8 to 13 between the cases, with a mean of 10.3. A typical interaction network, as used in 
this study, is shown in Figure 3.3. Capturing these networks and using network analysis 
technique, it was possible to study the interaction patterns that supported design decision-
making in each case. 
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Figure 3.4: A typical interaction network developed in this study 
Subsequently, a multilevel framework was conceptualised and used for the concurrent 
analysis of the decision and interaction networks in each case. The framework and analysis 
technique are explained in section 3.9. Hence, the combination of quantitative and qualitative 
data enabled the concurrent and multilevel analysis of decision-making and social interaction 
patterns for the cases to develop propositions and interpretations based on decision-making 
and communication theories. Social network analysis (Wasserman & Faust, 1997) and 
statistical analysis methods were applied during the analysis. 
After the case data and evidence within each case was analysed for all the cases, “cross-case 
synthesis” (Yin, 2009) was undertaken by comparing the findings from the analysis of cases, 
including the contextual attributes and the decision-making episodes for the cases. The cross-
case synthesis was based mainly on two strategies. The first strategy was to select the key 
decision-making and interaction configurations (through the analysis of the multilevel 
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networks), and to look for within-group similarities between cases grouped together based on 
their WHS performance. In addition, the contextual attributes and decision-making features 
were compared within each group of cases and significant patterns were identified. This 
enabled the researcher to derive conclusions by looking at context, decisions and interaction 
patterns across the cases and making comparisons between the cases with similar WHS 
performance, thus further improving the validity of the findings.  
The second strategy was to identify similarities and differences between all the cases to 
portray the “big picture” of the case study and enable further comparison of different cases. 
To enable comparisons between cases, and to group them based on WHS outcomes, the WHS 
performance in each case was evaluated using the hierarchy of control (HOC) concept. 
 
3.8.1 Evaluating the effectiveness of WHS outcomes 
For each case study, the effectiveness of the WHS risk controls, realised at the construction 
stage, were evaluated. For each case (project element), with consideration of the design 
decisions, the relevant construction activities were identified and reviewed. This resulted in 
identifying significant WHS hazards involved in undertaking each activity. The WHS hazards 
were then classified using the National Institute for Occupational Safety and Health (NIOSH) 
Occupational Injury and Illness Classification System (OIICS) (Bureau of Labor Statistics, 
2012) as a guide. Examples of the categories are: fall, slip, trip; struck by object or 
equipment. The next step was to identify the WHS controls which were in place; that is, the 
methods by which the hazards were to be controlled. The hazard-control methods were then 
classified with reference to the hierarchy of control (HOC) concept. The concept offers a 
well-established framework by which control measures are categorised based on their 
effectiveness (see for example, Manuele, 2006).  
According to this framework, there are five categories of risk controls. The top three levels of 
the HOC are elimination, substitution, and engineering controls (intended to isolate people 
from exposure to hazards). These three levels are categorised as technological controls. The 
advantage of technological controls is that they do not rely on the behaviour of workers who 
are prone to mistakes. In contrast, the last two levels of controls are categorised as 
behavioural controls because they rely on workers’ behaviour to control risks. The 
behavioural controls include administrative controls (e.g., developing safe work procedures 
or implementing job rotation schemes) and personal protective equipment (PPE). These 
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controls are most effective when they are used in conjunction with the technological controls. 
Each HOC level was given a rating ranging from 1 (personal protective equipment) to 5 
(elimination). Thus, the higher the score, the better the WHS outcomes. 
The hazard-control methods applied to each hazard class were scored using the above 5-point 
scale. In the circumstance that no risk controls were implemented, a value of zero was 
assigned. Using these values, the mean HOC score for each feature of work was generated. 
This method made it possible to evaluate objectively the effectiveness of WHS outcomes 
realised in each case, and to compare different cases in terms of these WHS outcomes. 
 
3.8.2 Content analysis of interview data 
Patton (2002) defines content analysis as a data reduction and sense-making activity during 
which the researcher takes a volume of qualitative data and tries to identify consistencies and 
meanings. It involves systematic coding and categorising of data to determine concepts, 
trends, patterns structures and relationships in the data (Grbich, 2013). Prior to content 
analysis, the researcher needs to decide what is being looked for or measured in the research 
and then devises a framework for accessing the content of the data. (Miles & Huberman, 
1994). The coding stage helps to make the data more manageable through grouping and 
labelling it into categories on a variety of levels (Grbich, 2013). The coding frame may be 
pre-decided (e.g., from literature or experience), or it can be generated from the database via 
preliminary and thematic data analysis (Grbich, 2013).  
In this study, the interview data were analysed with the aim of rearranging and organising the 
unstructured data, so that a clearer understanding of the decision-making process and its 
context could be achieved by considering multiple perspectives of the participants in each 
case. This was achieved by using the identified design decisions (the process of identifying 
design decisions was explained in section 3.6.1) as categories into which the data were coded 
for each case. Thus, the circumstances and perspectives for each decision scenario were 
systematically combined and comparisons between multiple perspectives of participants were 
made. NVivo (version 11) was used to assist in content analysis. High level nodes were 
created in NVivo for cases with sub-nodes indicating the design decisions under each case. In 
total, 46 interview transcripts, comprising over 700 pages of data, were subject to content 
analysis and coding. The analysis led to the creation of 114 sub-nodes in NVivo.  
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This approach resulted in identifying the interdependencies between decisions in each case. A 
relationship between two decisions was established where the researcher, through the review 
of decision participants’ perspectives and circumstances, concluded that a logical and/or 
information dependency between the decisions existed. That is, making the second decision 
either required information from the first decision (information dependence), or it required a 
choice to be made for the first decision (logical dependence). Subsequently, a decision 
network was developed for each case. The nodes in the network were the individual design 
decisions identified in each case. The number of decisions in the networks for the cases 
ranged from 12 to 42, with a mean of 25.7. A tie between any two decisions reflected the 
presence of a logical and/or information dependency between them. Thus, the researcher was 
able to investigate the complexities and dependencies between design decisions in each case. 
A typical decision network for this study is indicated in Figure 3.4. By analysing the decision 
network in conjunction with the interaction networks in each case, the researcher was able 
understand whether the interactions between participants in each case effectively facilitated 
the required information exchanges and addressed these decision interdependencies and 
complexities. To understand this, the researcher used social network analysis. 
Decision A
Decision B
Decision E
Decision C
Decision F
Decision D
Decision G
Decision
Legend
Interdependency 
between decisions
 
Figure 3.4: A typical decision network developed in this study 
 
 Social network analysis 
The starting point in social network analysis (SNA) is the premise that social relations and 
patterns formed by these relations are the primary building blocks of the social world (Marin 
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and Wellman, 2011). SNA offers an analytical approach to study patterns of relationships, 
dependencies and exchange of resources (e.g., information) between “discrete individuals, 
corporates or collective social units” (Wasserman & Faust, 1997, p. 17). Exchange patterns 
and relationships are represented in the form of visual network models, known as sociograms. 
Nodes denote the social units (referred to as actors) in the network models and lines 
(undirected) or arcs (directed) indicate relationships between the nodes. Different attributes of 
the sociograms are described in terms of quantitative network “metrics”. These metrics may 
describe the overall pattern of the network (e.g., density, centralisation) or refer to the 
position of individual nodes (actors) within the network (e.g., degree centrality, 
betweenness). 
Social networks have been used as a conceptualisation and analytical approach in a variety of 
research fields, including sociology, anthropology, economics, medical science, 
communication studies, history, politics, physics and computer science. The network concept 
is attractive because it enables the researchers to go beyond single relationships and consider 
structural properties of networks, hence, focusing on the “totality” of social relationships and 
their context and recognising the “embeddedness of social action” (Hollstein, 2014, p.06). 
As Borgatti et al. (2013) explain, SNA can be “applied” or “basic”. Applied network analysis 
involves using metrics to describe network structure (e.g., overall connectivity or number of 
components in a network), or to identify aspects of actors’ positions within the network (e.g., 
identify the most central actors in a network). Applied studies do not seek to establish causal 
or correlational relationships between variables, rather the relationships are assumed because 
they have been deduced or established in other studies (Borgatti et al., 2013). Thus, only 
predictor variables need to be measured to describe or predict an outcome. Basic studies, in 
contrast, aim to understand and describe the variance in dependent variables as the result of 
causal processes acting on a set of independent variables (Borgatti et al., 2013). In this 
approach, network analysis is often used to generate the variables (dependent and/or 
independent) which are then correlated. The variables can be at different levels of analysis: 
that is, node level, dyad level, or network level (ibid). 
In social network research there are two fundamental types of designs: “whole-network” 
designs and “ego-centric” designs (Borgatti et al., 2013). In a whole-network study, the nodes 
of the network are usually known or easily determined and the set of relationships among all 
pairs of nodes is studied in a given setting. In this design, the researcher often focuses on 
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“closed” network structures, implying that the boundaries of a whole network are pre-defined 
and known at the beginning of the study. The whole-network studies enable the application of 
a variety of network concepts and techniques which often require data on the entire network; 
however, because the data collection effort increases quickly with network size, the richness 
of data may suffer for large networks (Borgatti et al., 2013). Ego-centric network studies 
concentrate on a focal set of nodes (called egos) and their relationships to other nodes (called 
alters). The aim of this design is normally to understand the social environment of the egos. 
These studies provide a richer and more detailed view of the local network area, but the cost 
is losing information about the global pattern of connections (Borgatti et al., 2013). 
Considering this study, SNA was applied to investigate the interactions between participants 
during design decision-making and to describe their impact on WHS outcomes. In doing so, 
the study adopted a “basic” approach to:  
• identify different features of the social interactions and socio-technical 
interdependencies that impact WHS-related decision outcomes; and 
• establish and explain the relationship between these features and WHS outcomes 
(which exist at different levels of analysis). 
Furthermore, this study took a “whole-network” perspective by identifying design decisions 
and the participants involved in making them for each case in the first place, and then 
studying the sets of relationships between them. This created a comprehensive view of the 
interactions and interdependencies in each case study. 
Using the network approach also required that the population of interest be defined 
(Wasserman & Faust, 1997), so that it could be decided which nodes to include in the 
analysis. Laumann et al. (1983) suggested three common network boundary specification 
approaches: 1) a positional approach based on characteristics of formal membership (e.g., 
employment by an organisation); 2) an event-based approach based on participation in a 
particular event such as involved with a particular task or in a process; and 3) a relation-based 
approach that focuses on social connectedness. In this study, the last two approaches were 
combined to establish the criteria for defining the boundary of interaction networks. In this 
way, a participant was included (i.e., considered to be an actor) in the network if: 
• the participant was nominated by other actors as being involved in the design 
decision-making process; and 
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• the participant exchanged information (i.e., was connected with an interaction tie) in 
relation to design decisions with at least one other actor in the network. 
 
3.9.1 Presenting the network data 
Network data can be represented in an “adjacency” matrix (or list) format as well as a 
sociogram (graph). The matrix format is used to represent raw relational data whereas the 
sociogram provides a visual representation of the network pattern. From a practical 
perspective, a sociogram provides the opportunity to observe the structure that exists in a 
network, whereas matrix data enables the development of detailed measures of 
interconnectivity between network nodes. 
In an adjacency matrix, data is collated into pairs of nodes between which a relationship is 
present. In this format, rows reflect nodes sending ties and the columns are the nodes 
receiving ties. A cell (xi,j) is the intersection of a row (i) with a column (j), whereby the value 
in the cell represents the presence (values more than 0) or absence (0) of a tie between two 
nodes (i and j). In valued networks, values in cells represent the weight assigned to ties: that 
is, the value of the relationship being measured, such as communication frequency. 
Visual representation of networks (sociograms) can help researchers to understand a network 
structure and communicate specific information about network characteristics (Freeman, 
2000). In a sociogram, nodes represent actors or social entities, and lines (undirected) or arcs 
(directed), which connect pairs of nodes to each other, indicate the presence of a relationship 
(tie) between the nodes. If ties are valued, the tie value (tie strength) is indicated on the tie. If 
the tie is directed, the tie value is normally indicated at the beginning of the arc. The 
following Figure 3.5 shows these concepts. 
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Actors/Nodes A B C D E F G 
A 0 2 0 2 1 0 0 
B 2 0 0 2 0 0 0 
C 4 0 0 2 0 0 0 
D 1 0 3 0 0 0 0 
E 1 0 0 0 0 0 0 
F 0 0 0 0 1 0 0 
G 1 0 0 0 0 0 0 
 
Figure 3.5: A sociogram and its corresponding adjacency matrix 
 
3.9.2 Descriptive network measures 
A number of network metrics have been developed to describe a social structure at node 
level, tie level, and network level (Marsden, 1990; Scott, 2013). Node level metrics relate to 
the location of a node in the network and how the node is connected to other neighbouring 
nodes. Centrality measures are the node-level metrics often used in SNA. Taking a broader 
perspective, network level metrics describe the overall pattern of network ties. Network size, 
density and centralisation are metrics commonly used at network level in SNA. At tie level, 
properties of individual dyads (ties) are measured and expressed as tie strength. In this study, 
two measures of tie strength were used to define the properties of interaction activities: 
frequency of information exchanges, and the importance of the information exchanged, both 
measured using a 5-point scale (see section 3.6.1). 
Network size and network density 
Network size and density were used to describe patterns of interaction networks in this study. 
Network size was expressed in terms of the number of nodes (participants) and ties (direct 
interaction between pairs of participants). In addition, two measures of network density were 
calculated: binary density and valued density. Binary network density reflects the ratio of 
actual ties or relationships in a network to the maximum number of ties the network possibly 
could have (Borgatti et al., 2013). Thus, as proportionally more participants are directly 
connected to each other (i.e., directly interact with each other), the binary density value of the 
network increases, indicating the presence of many different pathways through which 
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participants are connected (Hanneman & Riddle, 2011). Density value ranges between 0 and 
1. Binary density represents the overall level of connectivity in a network (Pirzadeh & 
Lingard, 2017): that is, a network with high connectivity is a network in which the majority 
of the nodes are directly linked to each other and, as a result, the binary density is high. To 
calculate binary density for each case, the data in relation to the frequency of interactions 
were dichotomised using 0 to reflect no interaction between two participants and 1 to reflect 
the presence of direct interaction between two participants. 
To calculate valued density, however, tie strength is taken into account rather than only the 
presence or absence of ties. Hence, valued density indicates the ratio of total tie values 
present in a network to the maximum number of ties the network could have if all the ties 
were present (Hanneman & Riddle, 2011; Wasserman & Faust, 1997). Therefore, as 
proportionally stronger ties (which are more conductive of information exchange) are formed 
in an interaction network, the valued density of the network increases (Pirzadeh & Lingard, 
2017). To calculate the valued density for the interaction network in each case, the frequency 
of information exchanges was used as the tie value. Thus, a high valued density in a network 
reflected the presence of a high number of strong ties, through which information frequently 
flowed. This was regarded as a measure of the conductivity of the network (Pirzadeh & 
Lingard, 2017, Brookes et al., 2006). 
Network centralisation 
Network centralisation reflects the degree to which the overall distribution of ties is organised 
around particular participants in a network (Provan & Milward, 1995). It refers to the extent 
that a network is dominated by a few highly central nodes (Borgatti et al., 2013). 
Conceptually, network centralisation reflects the distribution of node-level centrality between 
all the network participants. The network with the highest centralisation is one in which a 
single node at the centre is connected to all other nodes and these other nodes are not 
connected to each other. In contrast, the lowest centralisation occurs when all participants 
have the same number of ties to others: that is, all participants are equally important. For 
directed network data, two measures of centralisation can be calculated: network in-
centralisation and network out-centralisation. 
To calculate network in-centralisation, only the incoming ties are considered for each 
participant. Thus, a high in-centralisation, for the interaction networks in this study, indicated 
that there were a few “popular” participants who received information from many others 
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while the majority of the participants received few information ties. A low in-centralisation, 
on the other hand, suggests that all the participants were relatively “equal” in receiving 
information from each other.  
Network out-centralisation is measured by only considering the outgoing ties for each 
participant. Consequently, a high out-centralisation for interaction networks indicated that 
there are a few ‘active’ participants who send information to many others, while the majority 
of participants established few information ties to others. In contrast, a low out-centralisation 
suggested all the participants were relatively “equal” in sending information to others. 
Node centrality 
At node level, point degree centrality was considered to be an indicator of a participant’s 
influence or importance within each interaction network (Pryke, 2005). Point degree 
centrality assesses a participant’s involvement in the structure of a network (Borgatti & 
Everett, 2006). This is done by calculating the total value of ties that connect a participant to 
others. Considering the interaction networks in this study, a participant’s high point degree 
centrality indicated that the participant was highly engaged in interaction within the network 
relative to others. For directed network data, two measures of degree-centrality can be 
conceived depending on the direction of ties: in-degree centrality and out-degree centrality. 
In this study, in-degree centrality was measured by accounting for incoming interaction ties 
only for each participant. A high in-degree centrality was considered as an indication of a 
participant’s “prominence” or “prestige” (Hanneman & Riddle, 2011) because it suggested 
many other participants sent information to them. In the same way, out-degree centrality was 
calculated by considering outgoing ties only for each participant and was deemed to reflect 
the amount of influence each participant exerted in relation to others. Hanneman and Riddle 
(2011) state that participants who display high out-degree centrality send information to 
many others and can make others aware of their views. Hence, these actors are seen to be 
more influential relative to others. 
Degree centrality is sensitive to network size (number of participants in a network); hence, to 
compare participants’ degree centrality between different networks, the degree centrality 
measure was normalised. This was done by dividing the value of degree centrality for each 
participant to the maximum possible degree centrality in the network, which is the number of 
participants minus one (Freeman, 1978). 
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Applications of SNA in construction research have predominantly relied on descriptive 
network measures to compare and describe networks at a single level of analysis. Although 
descriptive network measures are useful to describe overall network patterns and 
characteristics, they fall short in capturing network dynamics and complexities which are the 
result of social processes and interdependencies between variables and outcomes at multiple 
levels. In the context of construction projects, for example, design outcomes emerge from a 
network of inter-related decisions made through repeated interactions between multiple 
participants. The interactions, in turn, form a complex structure of information exchanges 
supporting the design decision-making process. Thus, decision outcomes and social 
interactions exist at different levels; yet, there are important interdependencies between the 
two levels and relationships at each level may be best understood in conjunction with 
relationships at the other level. Consequently, a comprehensive study of the dynamic and 
complex network structures in construction projects requires analytical approaches which are 
developed to take into account these complexities. 
Recent developments in combining multilevel analysis frameworks and statistical network 
analysis approaches have facilitated a better understanding of complex network structures 
(see for example Wang et al., 2013). In particular, these multilevel analytical approaches 
have made it possible to consider simultaneously the dependencies between tie patterns both 
within and between different levels. This study has made use of these recent developments in 
social network analysis and has applied a multilevel framework and analysis technique to 
understand design decision-making in construction projects. By doing so, this study provides 
an improved understanding of the socio-technical complexities in construction design 
decision-making. In particular, the study contributes to the existing knowledge about the 
interdependencies between technical design decision-making and its underlying social 
interactions, while focusing on WHS improvement as a desired outcome of the design 
process. Moreover, applying a multilevel network analysis framework, and the recent 
developments in network analysis techniques, makes the current study unique, as this 
approach has not been applied in construction research to date. In the rest of this chapter, the 
multilevel framework and analysis technique used in this study is explained. 
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3.9.3 Multiple modes and levels 
Networks can be further classified as one-mode and bipartite (two-mode) networks. A one-
mode network includes the relationship between a single set of nodes (e.g., communication 
between participants), whereas a bipartite network consists of two mutually exclusive sets of 
nodes (normally conceptualised at different levels) and the relationship between the sets: that 
is, no relationship between nodes of the same set is captured (Borgatti et al., 2013). An 
example of this type of network is where the rows of the adjacency matrix correspond to 
participants, while the columns indicate the events that they attend. In the context of this 
study, bipartite networks were developed to capture the involvement of participants in 
decision-making in each case. An example of a bipartite network, developed in the current 
study, is shown in Figure 3.6. A tie between a participant and a decision was established 
where the participant was involved in making the decision and the participant’s “decision-
making power” was greater than zero (see section 3.6.1). The bipartite networks were 
undirected and dichotomous. 
Design Decisions
Participants
Involvement in 
Decision Making
 
Figure 3.6: Example of a bipartite network in this study 
Similar to one-mode networks, descriptive network metrics, with the same definitions, can be 
calculated for bipartite networks. Network density and node degree centrality were measured 
for the bipartite networks in this study. Network density, for example, was computed by 
dividing the number of present ties in the network to the maximum possible ties the network 
could have. For bipartite networks, since no ties are possible within node sets, the maximum 
number of ties occurs when every node in one set is connected to every node in the other 
(Borgatti & Everett, 1997). Thus, regarding the bipartite networks in this study, the maximum 
number of ties in each case would happen if all the participants were involved in all the 
decisions: that is, the maximum number of ties could be calculated by multiplying the 
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number of participants by the number of decisions in each case. The density measure for each 
bipartite network was regarded as the overall level of participants’ involvement in decision-
making in each case. In the same way, node degree centrality was measured by counting the 
number of ties for each node. However, the maximum degree of a node in a bipartite network 
is equal to the number of nodes in the opposing set, and this value was used to normalise 
degree centrality for each node (Borgatti & Everett, 1997). In this study, the value of degree 
centrality for a participant, in the bipartite network, was regarded as the extent to which the 
participant was involved in the decision-making process, while the value of degree centrality 
for a decision was regarded as the extent of participants’ involvement in making that 
particular decision. 
A network approach can also be applied to represent and investigate complex 
interdependencies at multiple levels, with relationships existing both within levels and 
between levels. This approach is useful where the units of the study are defined at two or 
more levels and the data “has a nested hierarchical structure” (Wang et al., 2013, p.96). Thus, 
multilevel networks are similar to bipartite networks in consisting of different sets of nodes; 
however, multilevel networks may include more than two sets of nodes, with the sets 
normally (but not necessarily) corresponding to different levels of analysis and creating a 
hierarchical structure. Moreover, in a multilevel network, ties exist both within each level (set 
of nodes) and between levels, unlike bipartite networks which only include ties between sets 
of nodes.  
Using this perspective, a two-level network can be conceptualised as two one-mode 
networks, one at the upper level (commonly referred to as macro-level), another network as 
lower level (generally known as micro-level), and the relationships across levels in the form 
of a bipartite network, known as the meso-level structure (Wang et al., 2013). In the same 
way, a k-level network has nodes of k different sets at k different level, with a one-mode 
network defined within each level, and a bipartite network between sets of nodes from two 
adjacent levels (ibid).  
The multilevel network approach is powerful for interpreting complex networks, where 
interdependencies exist between the macro and micro levels of relationships and relationships 
at each level are best explained in conjunction with relationships at the other level. In such a 
situation, analysing both the within-level and between-level relationships allows more 
precision and detail, while analysing within-level relationships separately, would lead to 
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losing insight about features of the bigger picture (Snijders, 2016; Wang et al., 2013; 
Moliterno & Mahony, 2011). 
This study adopted a multilevel network approach to jointly study interdependent design 
decisions and the social interactions that underpin them in each case study. The social 
interactions take place between a group of participants involved at each decision point, and 
each decision is an outcome of the negotiations and the information exchanges that underlie 
it. In addition, the design decisions themselves are interdependent with some decisions 
building on (or requiring information from) the others. Therefore, the decisions and the social 
interactions in each case can be conceptualised as a hierarchical structure with the social 
interactions nested within decisions. Adopting a multilevel network approach was deemed 
useful to simultaneously study the interdependencies between decisions and the interactions 
between participants who made the decisions. The following Figure 3.7 represents the 
multilevel network concept in this study. 
Decision Network
Design decisions and their 
interdependencies
Interaction Network
Participants and the social 
interactions between them
Decision Involvement Network
Participants’ involvement in decision making
Macro-level
Meso-level
Micro-level
 
Figure 3.7: Multilevel network conceptualisation of the dependencies between and within 
design decisions and the underpinning social interactions in this study (multilevel network 
representation adapted from Wang et al., 2013) 
The macro-level network consisted of the design decisions identified in each case and the 
interdependencies between these decisions. The network was developed through content 
analysis of the interview data for each case (see section 3.8.2). The micro-level network 
represented the frequency of social interactions that took place between the participants 
during the design process in each case (see sections 3.6.1 and 3.8). The meso-level network 
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indicated the involvement of participants in decisions based on their decision-making power 
(see section 3.6.1 and Figure 3.6). After constructing the networks for each case, the next step 
was to analyse them to understand their formation. 
 
3.9.4 Statistical network analysis 
Network metrics, some of which are explained in section 3.9.2, are useful in describing the 
observed pattern of networks; however, these metrics tend to present a static view of 
networks. Furthermore, most of the metrics are less informative when applied to complex and 
multilevel network structures. In contrast, statistical analysis of networks is more instructive 
in the context of large and complex networks. The more complex the network data structure, 
the more valuable well-fitted statistical models can be for representing relationships and 
understanding network evolution or multiple network structures (Robins et al., 2007). 
Social behaviour is not stable over time, and statistical methods can offer a dynamic 
understanding of social processes that shape network structure. Statistical models help to 
capture the regularities in these underlying social processes, while recognising that there is 
variability that may not be modelled in detail (Robins et al., 2007).  
Statistical models can be used to move beyond description and construct explanations of the 
observed network patterns (Scott, 2012). They allow inferences about whether particular 
network configurations are more prevalent in the observed network than expected by chance. 
Thus, hypotheses can be developed about the social processes that might create the observed 
structural properties in a network (Robins et al., 2007). 
Using statistical approaches, normally a hypothesis is developed to explain the observed 
network pattern based on social theories. To test the hypothesis, observed networks are 
compared with networks of similar order which are generated by statistical models. The 
comparison is done through applying statistical methods for assessing the significance of 
results. The goal is to assess how typical or extreme the observed network is in comparison to 
the results that might be expected to occur as a result of random variations alone. If the 
probability of observing the same network pattern by chance is low, then the researcher can 
have confidence in the hypothesised social processes (Scott, 2012). 
Different methods are available for significance testing of network data among which 
exponential random graph models (ERGMs) have received growing interest in recent years 
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and are becoming one of the principal approaches for analysing social networks (Wasserman 
& Robins, 2005; Robins et al., 2007). ERGMs comprise a family of statistical models for 
social networks. Using ERGMs, it is possible to make inferences about the patterns of 
network ties and understand how and why social network ties arise. Thus, ERGMs can 
provide “insights into the underlying processes that create and sustain the network-based 
social system” (Robins & Lusher, 2013a, p.8). 
ERGMs are “theory driven”; that is, the models incorporate theoretical reasons and 
hypotheses about the formation of social ties in the observed network (Lusher et al., 2013). In 
this way, they are considered to be a useful means for examining multilevel and 
multitheoretical hypotheses about network creation and change (Robins et al., 2007; 
Contractor et al., 2006). 
ERGMs involve assumptions of dependence among network ties. These assumptions form 
the theoretical ground for different models and facilitate hypothesis-building about the type, 
extent and combination of patterning that builds the network (Robins, 2011). The dependence 
assumption explains the way that ties encourage the formation of other ties, or their absence; 
thus, it offers a theory about the basis of the tie-formation process which creates an 
observable configuration of ties – that is, a network’s structural signature (Robins, 2011). 
In addition, ERGMs are “data-driven” and enable the empirical examination of assumptions 
about network formation. As these assumptions underlie model development, their 
examination improves model validity. Without empirically grounded models, it can be 
difficult (even qualitatively) to understand how global network pattern emerges from the 
combination of localised social processes and structures, and to figure out if localised 
structures and processes can sufficiently explain global outcomes (Robins et al., 2007). With 
properly estimated and simulated ERGMs, which consist of local structures, it is possible to 
traverse this micro-macro gap (ibid). 
During the specification of a model that represents an observed network, local tie-based 
structures (referred to as configurations) are selected from a set of possible configurations, 
based on a particular dependence hypothesis (Borgatti at al., 2013). These configurations are 
assumed to emerge from local social processes, whereby participants in the network form ties 
in response to other ties in their social environment (Lusher et al., 2013). Some of the basic 
configurations and their underlying social process are indicated in Figure 3.8.   
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Figure 3.8: A number of network configurations and their underlying social processes 
       (Source: Lusher & Robins, 2013a, p.18) 
After selecting the configurations to be included, the model is estimated, resulting in a set of 
model parameters for the selected configurations, one for each. During the estimation, the 
observed network (empirical data) is used as a guide to find the best parameter values 
(Robins et al., 2007), so that the model can best replicate the observed data. This is done by 
repeatedly simulating the distributions of the estimated parameters and comparing the means 
of distributions with the observed data, and then adjusting the parameters to get the 
simulation means closer to the data, until they are close enough and the process is deemed to 
have converged (Borgatti et al., 2013). An important decision during the model construction 
is what configurations to include in the model which, in turn, depends on the assumptions 
about the data and its formation. 
At the end of the estimation process, the standard error is calculated for each parameter. The 
parameter value is then divided by the standard error to generate a t statistic. The t statistic is 
used to assess the significance of the results: that is, if the absolute value of the t statistic is 
larger than 1.96 then it is assumed that the parameter value is significant at a level of 0.05 
(Borgatti et al., 2013). A positive and significant value for each parameter indicates that the 
corresponding configuration occurred more frequently than expected as a result of 
randomness, given the other configurations in the model. In the same way, a negative and 
significant parameter is an indication that the corresponding configuration occurred less 
frequently than expected by chance.   
Subsequently, “goodness-of-fit” is measured for all the available parameters, including the 
ones used for model estimation. The goodness-of-fit statistics indicate how well the model 
replicates the observed data with regard to all the possible configurations it includes. To 
measure goodness-of-fit for a model, a large sample of networks is simulated using the 
parameter estimates. Then, for each parameter, the difference between the parameter value in 
the observed network and the mean of the simulated sample is calculated and is divided by 
the simulation standard deviation. The result is called t-ratio (Borgatti et al., 2013). For the 
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fitted effects (i.e., parameters that correspond to the configurations included in model 
estimation), the t-ratio is a measurement of both goodness-of-fit and convergence, and needs 
to have an absolute value of less than 0.1 to indicate convergence (Borgatti et al., 2013). For 
other non-fitted effects (configurations not included in the model estimation), an absolute 
value of less than 2 for the t-ratio is considered as the indication of good fit (Robins & 
Lusher, 2013b). The “art” is to build a model that fits the data well by including a small set of 
configurations that capture the properties of interest from the observed data, and yield 
reasonable parameter values that converge (Borgatti et al., 2013). After building a good 
model, the sampled networks will resemble the observed data in many different respects; 
therefore, the modelled structural effects can be used to explain the emergence of the 
observed network (Robins et al., 2007).  
Despite the strengths of these statistical methods to analyse social networks, they have been 
rarely applied in construction research. Researchers who have used SNA in construction have 
predominantly relied on descriptive network measures to understand and compare network 
patterns. A few recent studies in construction (e.g., Poleacovschi et al., 2017) have used 
multiple regression quadratic assignment procedure (MRQAP) to test the association between 
two (or more) networks; however, there has been no application of statistical simulation and 
modelling techniques which are specifically designed to study the emergence of networks 
from local structures and processes, and to analyse the distribution of ties within them (such 
as ERGMs). Moreover, there has been no application of a multilevel network framework to 
acknowledge and understand the interdependencies between organisational levels, as well as 
between social and technical aspects of construction projects.  
The current study applies a multilevel network framework to capture and investigate the 
socio-technical characteristics of the design decision-making process in construction projects. 
Moreover, this study takes advantage of the most recent developments in statistical network 
modelling and analysis – that is, multilevel ERGMs – and uses this technique to analyse the 
networks of technical design decisions and their underpinning social interactions together. By 
doing so, this study makes two contributions. First, the study makes a methodological 
contribution by developing a multilevel framework and adopting a new analysis method, 
which has gained recognition in other research fields (e.g., economics, psychology, 
sociology), and applying it in construction research. Thus, this study presents a more 
comprehensive and detailed analysis of the organisational complexities and socio-technical 
interdependencies evident in construction projects. Second, the study contributes to 
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knowledge about design decision-making, and safety in design in particular. This is done by 
concurrent investigation of design decisions, their emergence during the design process, their 
interdependencies, and the information exchanges that underpin them. Therefore, specific 
characteristics of the design process (such as its socio-technical complexity, multilevel nature 
and dynamism) are taken into account. A more comprehensive and realistic understanding 
about implementing safety in design in construction, and the role of information exchanges in 
supporting it, is therefore facilitated. The following section elaborates on the methodological 
contribution of the current study. 
 
3.9.5 Analysis approach in this study 
This study adopted a multilevel framework to conceptualise the design process and its 
underpinning social interactions as a complex system consisting of different components and 
relations. The framework assumed that social and technical aspects of design decision-
making are interdependent; therefore, they should be viewed as an integrated socio-technical 
system. The social and technical components in this system exist at different levels. That is, 
the social interactions may be viewed as taking place between participants (individual level) 
who come together to make technical decisions and create interaction networks at each 
decision point, while the decision outcomes can be viewed as emerging from the interactions 
and existing at a higher (network) level for each decision. In addition, there are 
interdependencies between the decisions. Consequently, the complex system was modelled as 
a multilevel socio-technical network. The multilevel network approach was believed to be 
suitable for a number of reasons, as follows: 
• It enabled the simultaneous consideration of the interdependencies between decisions 
and the social interactions between decision-making participants in one model. 
• It facilitated consideration of complexities and relationships between social 
(interactions) variables and technical (decision) outcomes that exist at different levels 
of analysis. 
• It allowed for the establishment of an association between social and technical aspects 
of design process in construction project environment. 
• It enabled the investigation of various theoretical mechanisms that motivated the 
emergence of particular network patterns and stimulated specific network outcomes. 
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The multilevel network representation of the design process socio-technical system consisted 
of technical decisions and their interdependencies (at macro level), social actors and the 
social ties between them (at micro level), and the links between social and technical 
components (at meso level). Social ties were defined as the interactions and information 
exchanges between the actors. Technical ties signified the logical and information 
dependencies between the decisions as they built upon each other. An actor’s involvement in 
making a technical decision (i.e., possessing power to influence/shape the decision outcome) 
was defined as a socio-technical tie between a social actor and a technical decision. Using 
these specifications, a minimal set of social and technical nodes and their ties, which 
represent a basic socio-technical network component, was deemed to consist of two actors 
and two decisions. This component is indicated in Figure 3.9. 
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Figure 3.9: A basic socio-technical network component conceptualised in this study 
       (multilevel representation based on Bodin & Tengö, 2012) 
With this multilevel network conceptualisation, the next step was to conduct an in-depth 
assessment of the interdependency patterns which characterise the network. This was done by 
using ERGMs. To identify the building blocks of the model, a set of basic socio-technical 
network configurations were defined using the basic component in Figure 3.6. Each of the 
configurations was believed to represent an important and irreducible process in the socio-
technical network. In addition, a number of the network configurations, suggested by Robins 
and Lusher (2013b) as the starting point for modelling one-mode networks, were included in 
the set to help model the interaction-level network. The set of configurations is explained in 
Table 3.3. This set of configurations was used as the starting point to model the multilevel 
networks in all the cases. This enabled the investigation of similar characteristics in all the 
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cases; hence, cross-case comparison was possible at a later stage of the study. MPNet 
software (Wang et al., 2009) was used for the estimation and analysis of the models. 
Nevertheless, it should be noted that the network configurations, which represent the internal 
structural logics, that explain the observed pattern of one network may not appropriately 
explain the pattern of another network (Zhao & Rank, 2013). Consequently, although the 
same set of configurations were used as the starting point for simulating all the networks in 
the six cases in this study, adjustments needed to be made to achieve converged and well-
fitted models (which can best represent the network) in each case. Hence, a number of new 
network configurations were included in the models for some cases, and other configurations 
were deleted. In some cases, network configurations needed to be included to avoid model 
degeneracy or to obtain model convergence, even though these configurations were not 
significant themselves. The set of configurations provided in Table 3.3 includes all these 
configurations, in addition to the ones used as the starting point. 
Table 3.3: A set of parameters used as the starting point for modelling the multilevel 
networks in this study 
(adapted from: Robins & Lusher, 2013b; Wang et al., 2013; Wang et al., 2014) 
Parameter Parameter name 
in MPNet 
Configuration Interpretation in this study 
Arc Arc 
 
This parameter refers to the baseline 
tendency for formation of social 
interaction ties. (Density) 
Reciprocity Reciprocity 
 
A positive value for this parameter 
suggests a high tendency for reciprocated 
(two-way) interaction between the actors. 
Simple 
connectivity 
Two path B 
 
This parameter refers to the extent to 
which social actors who send out 
information (interaction ties) also receive 
information. It controls for the correlation 
between in-degree centrality and out-
degree centrality. 
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Parameter Parameter name 
in MPNet 
Configuration Interpretation in this study 
Multiple 
connectivity 
A2PB-T 
...
 
This parameter refers to the extent to 
which actors interact indirectly through 
others. This parameter is usually 
interpreted in conjunction with 
triangulation estimates. A negative value 
for this parameter, alongside a positive 
value for triangulation, suggests that two-
paths tend to be closed; that is, actors 
tend to interact directly when they have 
common others with whom they interact.  
Popularity 
spread 
A-in-S B 
...
 
This parameter indicates the extent to 
which the network reflects in-degree 
centralisation. A positive value suggests 
there is a number of actors in the network 
who are central in receiving information 
from others. A negative value, in contrast, 
suggests there are actors in the network 
who are less central than the majority of 
the actors in receiving information; that 
is, have less in-degree centrality than 
others in the network. 
Activity 
spread 
A-out-S B 
...
 
This parameter indicates the extent to 
which the network reflects out-degree 
centralisation. A positive value suggests 
there is a number of actors in the network 
who are highly active in sending 
information from others. A negative 
value, in contrast, suggests there are 
actors in the network who are less active 
than others in sending information; that 
is, they indicate less out-degree centrality 
than others. 
Triangulation 
(Transitive 
closure) 
ATB-T 
...
 
A positive value for this parameter 
indicates a high tendency for social 
closure in network; that is, interaction 
tends to happen in multiple clusters of 
triangles; thus, the interaction distance in 
the network would be short. 
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Parameter Parameter name 
in MPNet 
Configuration Interpretation in this study 
Cyclic closure ATB-C 
...
 
This parameter refers to the tendency for 
social interaction to occur in cycles. It can 
also be interpreted as an indication of 
non-hierarchical structure for interaction. 
Cross-level 
edge (tie) 
X Edge 
 
This parameter indicates the general 
tendency (baseline propensity) for actors’ 
involvement in decision-making. 
Cross-level 
connectivity 
spread 
XASA 
...
 
A positive value for this parameter 
indicates there are central decisions in 
which a high number of actors are 
involved. A negative value suggests most 
decisions involve a similar number of 
actors. 
XASB 
...
 
A positive value for this parameter 
indicates there are influential actors in 
network who are involved in several 
decisions. A negative value, in contrast, 
suggests most actors have similar level of 
involvement in decisions. 
Multiple 
common 
affiliations 
XACA 
...
 
A positive and significant parameter 
estimate for this configuration indicates a 
tendency for participants to be involved 
in making (influence the outcome of) 
common decisions. 
XACB 
...
 
A significant and positive effect for this 
configuration reflects that highly 
participated decisions (decisions which 
involved several decision-makers) tend to 
involve common decision-makers. 
Affiliation-
based (cross-
level) closure 
TXAXarc 
 
This parameter indicates actors’ tendency 
to be involved in interdependent 
decisions. A positive value indicates a 
high tendency for dependent decisions to 
share (involve) the same actor. 
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Parameter Parameter name 
in MPNet 
Configuration Interpretation in this study 
TXBXarec 
 
A positive value for this parameter 
suggests a high tendency for decision-
involvement and social interaction to 
create closure; that is, actors involved in 
the same decision are highly likely to 
interact. Similarly, a positive value can 
indicate decisions are generally 
underpinned by direct interaction between 
decision-makers. 
TXBXreciprocity 
 
 A positive value indicates actors 
involved in the same decision are highly 
likely to engage in two-way interaction. 
In addition, a positive value can also 
indicate decisions are generally 
underpinned by direct and two-way 
interaction between decision-makers. 
ATXAXarc 
...
 
This parameter indicates the extent to 
which dependent decisions involve a 
number of the same actors who are 
involved in both decisions. 
ATXAXreciprocity 
...
 
This parameter indicates the extent to 
which interdependent (mutually 
dependent) decisions involve a number of 
the same actors who are involved in both 
decisions. 
ATXBXarc ...
 
This parameter measures the extent to 
which actors who are both involved in a 
number of the same decisions tend to 
interact directly. 
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Parameter Parameter name 
in MPNet 
Configuration Interpretation in this study 
ATXBXreciprocity ...
 
This parameter measures the tendency for 
actors who are both involved in a number 
of the same decisions to engage in two-
way interaction. 
Cross-level 
closure (four 
cycle) 
X4Cycle 
 
This configuration reflects the tendency 
for co-participation of actors in decisions; 
that is, the likelihood that two actors 
mutually are involved in making a second 
decision, given that they were already 
mutually involved in another decision. 
Cross-level 
alignment 
C4AXBentrainment 
 
This measures the extent of alignment 
between the decision network and the 
interaction network. A positive value 
indicates there is a tendency for actors 
who are involved in different (but 
dependent) decisions to interact. 
Moreover, the direction of the interaction 
would be the same as the decision 
dependency. This can suggest that in the 
network, direct interaction is the main 
way of information exchange between 
actors who are involved in different 
dependent decisions.  
C4AXBreciprocity 
 
A positive value for this parameter 
indicates that actors who are involved in 
different, but mutually interdependent, 
decisions tend to engage in two-way 
interaction.  
 
During the specification of the multilevel ERGMs, the interaction data was dichotomised. 
Two models were fitted in each case study. In the first model, all interaction activities 
between participants were considered, while in the second model only important information 
exchanges between participants were considered. To do this, only interaction ties with an 
importance value above 2 were included in model specification. The reason is that scores 
above 2 (on the 5-point scale described in section 3.6.1) reflect that the information was 
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important and needed for decision-making. In this way, the importance of information for 
decision-making was considered as part of the analysis and it was possible to make a 
comparison between the patterns of general information exchange and important information 
exchange. 
The macro-level (decision level) network was fixed during the model estimation. This was 
done because the pattern of technical interdependencies between design decisions do not 
depend on (nor are they affected by) participants’ interactions. Thus, the decision network 
was considered exogenous to the interaction network and was fixed during the model 
estimation process. 
Two software packages were used for SNA. MPNet (v 1.04) software (Wang et al., 2009) 
was used for statistical analysis of the ERGMs for multilevel networks. The software includes 
different modules for estimation, simulation, and assessing goodness-of-fit. In addition, 
UCINET (v 6.538) software was used to develop sociograms and calculate descriptive 
measures for the social networks. 
The adoption of a multilevel socio-technical framework, and the use of ERGM as the 
analytical approach in this study, enabled the researcher to investigate local 
interdependencies between social actors and technical decisions in specific project settings, 
and to explain how patterns of interdependencies between and within the social and technical 
components reflected important features of the design process which were then linked to 
WHS outcomes. 
 
 Ethical considerations 
The data was confidential (stored in a password protected folder on the RMIT University 
network) and, so far as possible, the anonymity of participants was ensured. The data was de-
identified. Ethical considerations had been put in place during the data collection for the 
original research project. During the data collection, participants were briefed and informed 
about the purpose and procedure of the interview (Kvale, 1996). The participants’ written 
consent was sought prior to the interviews. All participants were advised before consenting to 
participate that they are able to withdraw the data they provide at any time. A Participant 
Information and Consent Form (PICF) was given to each participant before the interview. 
The form provided the participants with all the details they need to make a voluntary decision 
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to participate in the research. As part of this, the participants had been informed that the data 
might be used in future research and publications. 
The risk level associated with the research was identified as “low risk”. An ethics application 
was submitted and approval was granted (Reference No 0000019094-11/14) by the Design 
and Social Context College Human Ethics Advisory Network as a sub-committee of the 
RMIT Human Research Ethics Committee (HREC). The approval is provided in Appendix A. 
 
 Summary 
The research approach and design for this study was explained and justified. The nature and 
suitability of the data for this study was discussed and the adopted case study approach was 
outlined. It was argued that a multilevel approach was required to consider interdependencies 
between and within design decisions and social actors at different levels. A statistical 
multilevel technique was then described in combination with qualitative techniques to 
analyse the data. The technique was contextualised within a multilevel framework which 
linked the social and technical aspects of the design decision-making process. The resulting 
models could then be used to reveal the features of social interaction networks which enable 
them to address the information requirements of design decision-making more effectively, 
leading to positive WHS outcomes. The models also facilitated consideration of specific 
characteristics of the design process (such as its socio-technical complexity, multilevel nature 
and dynamism) which had often been ignored or simplified in previous studies. 
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Chapter 4 – Individual case description and analysis 
 Introduction 
This chapter includes details of the individual case studies. The chapter begins with a general 
overview of the six case studies in this PhD research. Each case study is then presented 
independently in a distinct section. For each case, the context is described and the qualitative 
and quantitative data for different aspects of design decision-making and its related social 
interactions are combined and analysed. The results of analyses are then interpreted jointly 
and the findings are presented. The cases comprising this study are presented in Table 4.1. 
Table 4.1: Overview of the cases and the corresponding sections in this chapter 
Case ID Case / Feature of Work Project Industry Procurement Section 
A Construction/installation 
of façade 
Project 1: 42-storey 
residential complex 
Residential D&C 4.2 
B Installation of roof and 
wall cladding 
Project 2: Manufacturing 
facility 
Industrial D&C 4.3 
C Erection/installation of 
roof structure 
Industrial D&C 4.4 
D Construction of 
foundation system and 
steel structure 
Industrial D&C 4.5 
E Construction of 
basement mausoleum 
Project 3: Cemetery 
mausoleum 
Commercial
/Public 
Traditional 4.6 
F Rehabilitation of steel 
columns 
Project 4: Food 
processing plant 
reconstruction 
Industrial Accelerated 
D&C 
4.7 
 
Cases B, C and D are embedded within one project (project 2). Other cases are each 
embedded in a separate project. For clarity, prior to the description of each case, the project 
to which the case belongs is described as the case background. At the beginning of each case, 
a summary of the case and the key findings is provided. Each case is then presented in the 
following format: 
• Overview of the case; 
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• The evolution of social interactions and the emergence of design decisions; 
• Evaluation of WHS outcomes; 
• Overall interaction and decision-involvement patterns and measures; 
• Multilevel network analysis; and 
• Findings. 
In this chapter, the analysis, results and findings are retained within each case. The 
comparison of the cases is undertaken in Chapter 5. A summary of each case study, including 
case description and key findings, is provided at the beginning of each case. 
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 Case A – Construction/installation of façade 
Summary of case A 
Case 
description 
The case involved the design and construction of a high-rise façade structure for a 42-storey 
residential building. The façade structure was self-supporting. The project was procured using 
a design and construct (D&C) approach. The client engaged an architect and a structural 
engineer to develop a preliminary design. The design indicated a sophisticated web of 
irregularly-shaped rectangular elements wrapping around the building. To keep the weight of 
the façade frame low, glass reinforced concrete (GRC) was specified as the main construction 
material. A number of larger vertical frame elements were to be made of pre-cast reinforced 
concrete. The structure was to be installed after the building was constructed. 
 
After the constructor was engaged, issues were raised in relation to the use of GRC and the 
construction methodology which required workers to work at a significant height outside the 
building. Subsequently, the design was adapted to use structural steel instead of GRC. 
Moreover, the revised design involved a safer floor-by-floor construction methodology which 
allowed for the construction of building and façade structure to be undertaken simultaneously. 
Thus, workers could install the façade elements from inside the building while standing on 
finished floor slabs. 
Key 
findings 
• A good level of WHS performance, with an average HOC score = 3.94, was assessed for 
this case. 
• A high level of integration and coordination was achieved between building design, 
construction process and project plan. 
• Participants from design and construction disciplines were involved in making early 
decisions and interactions starting from the tender stage. 
• The design decisions were mostly supported by high involvement of participants in 
decision-making (on average five participants per decision). In addition, the involved 
participants were from different tiers of the supply chain. 
• Construction methodology was considered as part of the design decision-making since the 
beginning of design. Furthermore, the involvement of senior participants with extensive 
construction experience in the revision process was essential to improve constructability 
and WHS of the design. 
• Evidence for collaborative information exchanges between participants was identified: 
• Interaction pattern was highly connected, with prevalent two-way ties and a 
significant closure effect. 
• Design reviews for constructability involved the constructor, designers and client.   
• Design coordination meetings were conducted regularly. 
• The availability of specialist expertise of suppliers and subcontractors was considered 
beneficial to the design process by bringing in knowledge about construction and 
fabrication process to design decision-making and identifying practical issues. 
• The interaction pattern during the design process supported both the use of internal 
knowledge and resources within the design team and the inclusion of external specialist 
expertise when required. 
• The interaction pattern reflected direct inclusion of relevant expertise in decision-making 
to influence decision-outcomes (evidenced by the significant affiliation-based closure 
effect). 
• There was an alignment between decision dependencies and exchange of important 
information (evidenced by the significant cross-level alignment reciprocity effect). 
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4.2.1 Overview of case A 
This case study focuses on the façade structure of a high-rise building. The project was to 
construct a 42-storey residential apartment tower on a brownfield site. The site was located in 
the central business district of Melbourne, Australia. The building included nine levels of car 
parks at lower levels. The remaining levels consisted of one- and two-bedroom apartments. 
Two retail outlets were incorporated at the ground floor. A condition imposed by the 
planning authority on the building permit was the partial retention of an existing heritage-
listed structure on the site. The plan was to restore the front section of the heritage structure 
to form a “grand entrance” for the residential complex. The footprint of the high-rise building 
covered the whole site area. The client decided to use a design and construct (D&C) 
procurement method. An architect and a number of specialist consultants were engaged by 
the client, developed the preliminary design and prepared a substantial number of design 
documents and specifications. The cost of the project was estimated to be about A$88m. 
The building façade consisted of an architectural self-supporting structure, known as the 
WRAP element. The element was designed to resemble the concept of a Japanese lantern, 
providing a beacon for people to find their way home. The distinctive architecture of the 
structure and its application to a high-rise building in an area with strong winds created a 
number of challenges for the design and construction of the façade structure. 
 
4.2.2 The evolution of social interactions and the emergence of design decisions 
The façade frame was a purely aesthetic element serving no structural purpose. The client’s 
purpose for including the façade element was to distinguish the building from the other high-
rise structures in the area. The client engaged an architect and an engineering consultant to 
come up with a concept design based on the client’s vision and requirements. Imposing a 
high level of influence on the concept design, the client initiated and controlled the 
interactions between the consultants by maintaining a central position in the interaction 
network. In designing the façade, the architect took inspiration from the Beijing National 
Stadium (known as the Bird’s Nest Stadium). The preliminary design featured a series of 
irregularly-shaped rectangular segments wrapping around three sides of the building, creating 
a vertical mesh pattern and culminating in a bold lantern-style beacon on top of the building. 
To keep the weight of the façade frame low, glass reinforced concrete (GRC) was specified 
as the main construction material. A number of larger vertical frame elements were to be 
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made of pre-cast reinforced concrete. However, except for a preliminary wind analysis, no 
structural analysis had been conducted during the concept design stage to confirm if the GRC 
components and their dimensions were structurally appropriate. The client’s interest was to 
leave the detailed design and the construction responsibility to a D&C constructor. As the 
constructor’s site manager later commented: 
I don’t think the client or the architect or the engineer understood really what they 
were designing and what they were putting on the outside of the building. And 
generally, that phase of the job, they don’t want to launch in too much detail design, it 
costs themselves too much money because they want the risk to sit with the builder, 
not with themselves. So, if they launch into a detailed design process, then all their 
doing is putting dollar signs for the builder to add dollars to, so they like to pull back 
on that and leave the risk with us. So, … we thought we had a fair bit of money to 
cover that risk and we thought we had a fairly good option to play out if we did win 
the job. 
The preliminary design including the layout of the frame members, their material and the 
clearance between the exterior of the building and the framing, were communicated to the 
constructor through the tender documents. To prepare a response for the client’s team, 
participants from design and construction disciplines were engaged in decision-making. 
Through direct and frequent interactions between the project manager, the design manager 
and the construction manager, different aspects of the concept design were discussed. From a 
design perspective, the lack of enough engineering evidence to support the structural 
suitability of GRC members for a high-rise façade system was a concern raised by the design 
manager. The lateral stability of the top section of the façade, which raised 3m above the roof 
level, was another structural concern. At the same time, the construction manager raised 
concerns about workers’ WHS because the planned construction methodology involved 
installing the façade frame after the construction of the building, and required the majority of 
the work to be done from swing stages outside the building where height and wind were 
major issues. The interactions during this period were mainly within the constructor’s 
organisation and initially between the project manager, design manager and construction 
manager, but soon the interactions were expanded to include the construction coordinator 
(who provided the link to other subcontractors) and operations manager. After the 
negotiations, it was decided to communicate the concerns about the construction 
methodology and the suitability of the GRC members to the client, as part of the constructor’s 
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tender response. The constructor submitted their response based on the preliminary design 
specifications and proposed to install the facade members from the exterior of the building 
using scaffold and swing stages. However, they also expressed that this was not their 
preferred construction method, due to concerns about workers’ WHS, and stated that while 
the constructor team believed GRC members are lighter and easier to install than precast 
concrete members, their suitability for a high-rise façade structure needed to be investigated. 
As the design manager from the constructor’s organisation stated: 
We didn’t want to be installing this element post glass being installed, we wanted to 
install it before the glass was being installed and we wanted to install it behind our 
form work screens, so during our construction process we wanted it to be, be able to 
be fitted off and installed on the site with the protection of the external screens on the 
building. We’re 42 stories, 130 metres, in the air. We don’t want to be hanging off the 
side of the building in swing stages or other mechanical equipment, we wanted to 
work from within the building and we wanted to have the full protection of the form 
work screens. So that led us to, first of all we had to make sure that the, whatever 
alternative we came up with fitted within budget. 
To allow for further investigations of the structural adequacy, constructability and suitability 
of the GRC members, the constructor considered additional financial allowances as part of 
their tender budget to cover the engineering fees as well as the potential costs of material and 
dimension changes. To identify alternative options for construction material and estimate the 
potential costs, the constructor sought advice from a number of suppliers and subcontractors 
with whom they had worked before. 
After the contract award, the structural and constructability reviews of the concept design 
were undertaken. In particular, the constructor preferred to alter the construction method to 
minimise the on-site work and to be able to perform the majority of the installation work 
from inside the building. Information exchanges during the review process involved the 
constructor’s team, the subcontractors, the architect and the design engineer. Meanwhile, it 
became evident that the subcontractor who was originally nominated to procure and install 
the GRC members had gone bankrupt. Further search revealed there was only one other GRC 
subcontractor available in the local marketplace. Negotiations with the subcontractor raised 
concerns about their capacity to perform such a large scale job. Being also concerned about 
structural, WHS and constructability issues, the constructor investigated alternative material 
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options, one of which was steel. The interaction network at this stage was extended to include 
the architect, the design engineer and a steel subcontractor. Consequently, it was decided to 
still use precast reinforced concrete for large vertical members. With consideration of 
constructability, workers’ WHS, cost of materials, and competency availability in the 
marketplace, the constructor’s team nominated rolled steel, folded into rectangular shape, as 
the substitute for GRC. To be efficient in material usage, the dimensions of the steel sections 
were estimated with consideration of standard sheet sizes available in the market. As the 
project manager commented: 
We got some more advice from the engineer and looking at it we just weren’t 
comfortable with the GRC and we really wanted to build … the WRAP element with 
the structure, so eliminate as much external access as possible because from an 
industry perspective it’s not a preferred option to utilise that equipment and to be 
working on the sheer face of the building and through hand rails and that sort of 
thing. If you can do as much work behind the formwork screens where you’ve got 
edge protection, the better it is, it’s just, it’s a safer solution. So we looked at some 
other options; we looked at steel, we looked at aluminium and the engineer, once we 
started talking like that, got a lot more interested and gave us more advice on that. 
We engaged some structural steel contractors to give us some advice on 
incorporating steel, and obviously the dimensions of the element, whether there were 
any efficiencies in changing the dimensions of the element, because basically what we 
were looking at was a folded section of steel. 
To specify the structural details, the design engineer and a wind engineer were involved in 
the decision-making. However, the results of the structural review and wind modelling 
revealed that both GRC and rolled steel members (as they were designed) were not suitable 
for constructing the façade frame. Insisting on using steel, interactions continued between the 
design manager, project manager, construction manager, the engineers and the architect. As a 
result, to address issues in relation to wind load, the thickness of the rolled steel was 
increased from 3mm to 6mm and additional fixing points were considered to connect the 
frame back to the building. The details of the steel sections were finalised and were 
communicated to a steel supplier by the project manager. Although increasing the number of 
connection points increased workers’ exposure to ergonomic hazards due to extra work, this 
exposure was considerably reduced by using rolled steel instead of GRC. The design manager 
commented: 
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So we did all of those things and we retested it structurally and went analysis wise 
and it ticks all the boxes so we’re okay from that perspective, so we went through that 
process and from there we knew the steel, we could, we could fabricate it on budget, 
we knew we could, we knew it could stand up if we had, it wouldn’t fall off the 
building if we had the right number of fixings and it had lateral support, which we 
introduced into the design and we also knew that we could fabricate it off-site and 
mitigate a fair bit of that during construction phase risk. 
The constructor also raised concerns about the stability of a section of the WRAP frame 
located over the roof of the building. This section raised up about 3m and folded over the top 
of the roof, creating a pergola effect. The section included long members spanning a 
considerable length without any lateral connection or bracing. The decision to address this 
issue was shaped by a dense network of interactions between the architect, the design 
engineer, the wind engineer, and the key participants from the constructor’s organisation 
including the project manager, construction manager and design manager. The client and the 
steel subcontractor were the peripheral participants in the interaction network at this stage. 
The decision outcome was to install additional rolled steel members to the frame. The 
installation of additional rolled steel beams increased workers’ exposure to construction 
WHS hazards associated with lifting, manoeuvring and fixing members into position. 
The constructor proposed to manufacture the frame members off-site to speed up the 
construction process and to free up space on the small inner-city construction site, reducing 
workers contact with objects and equipment, as well as falls, slips, and trips hazards. At this 
time, the constructor’s team maintained direct and high-frequency interactions with the steel 
subcontractor to ensure the designed sections could be fabricated with the required quality 
and within budget. For ease of installation and to reduce the number of connections, the 
vertical precast concrete members were extended to span two levels. Furthermore, 
considering transportation requirements in inner-city streets, the length of the horizontal 
members was specified to be less than 25m. Where frame members intersected, creating a 
criss-cross shape, the whole section was designed as a single member so that it could be 
manufactured as one member. A well-connected network of interactions (with direct ties 
linking the decision participants) between the architect and the constructor’s team, including 
the design manager, the project manager and the construction manager, informed this 
decision. The decision made the installation process easier, and reduced the number of 
connections made on-site and the ergonomic issues associated with it. 
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The connections between the frame members and the building were located at floor slab 
levels. The connections were made using ferrules cast into the floor slab. Consequently, the 
workers could reach the connection points from the floor level and drilling into the concrete 
was not required during installation. Connection arms were attached to the beams during off-
site fabrication, so there was no need to weld or bolt them on-site. The decision about the 
location and type of the connection between the frame and the slabs was made through 
frequent interaction between the design and construction participants from the constructor 
organisation and the design engineer. The steel subcontractor and the steel supplier were also 
involved, although less frequently, in the interactions. Their involvement ensured the 
constructability of the design and that the steel fabricator was kept up-to-date about the latest 
design changes. During the preparation of shop drawings, the steel works subcontractor made 
some amendments to connection details. The subcontractor suggested using OrbiPlateTM 
connectors which provided a 20mm tolerance around the centre of the connection in all 
directions. This decision made the installation quicker and easier as the installer had more 
flexibility to line up the connection holes and less time and effort was required for fitting the 
connection parts into the steel components and fastening them. 
Intersecting beams were bolted together after being lifted into position. The architect had 
required that all the frame connections be hidden. Consequently, connection plates were 
installed inside the box-section steel beams. Access to the connection area was provided 
through removable panels on the side of the beams, so the workers could remove the panel, 
line-up the holes on connection plates and install the connectors, and put back the cover 
panel. The size of panel area was large enough for the installers to access and tighten the 
bolts easily. During the design process, the clearance distance between the frame and the 
building was reduced, so that the installers could reach all connection points safely from 
inside the building and behind the safety barricades. The design manager maintained 
interaction with the architect and the steel subcontractor during the decision-making about 
design of the connection details. Furthermore, within the constructor’s organisation, a well-
connected network of two-way interactions was formed between the design manager, the 
project manager and the construction manager. This interaction pattern enabled bringing in 
multiple perspectives to the decision-making scenario and helped to recognise the 
interrelationships between design decisions and identify potential “knock-on” effects. For 
example, the distance between the façade and the building was originally specified by the 
architect with consideration of future maintenance (in case someone needed to access and 
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work between the building face and the façade frame). The distance was subsequently 
reduced by the constructor’s team, through negotiations with the architect, to provide safe 
access to the connection points by the workers (constructability and WHS), and to reduce the 
stress on the connection arms (structural considerations), while still ensuring access for future 
maintenance requirements during the building’s occupancy and use. 
To identify potential design issues, a 3D model was developed. The model assisted in the 
review of the size of members and the location of the connections, and facilitated the 
identification of potential issues in relation to accessing work areas. It also enabled a 
sequence for the installation of the frame to be planned and communicated to the installers. 
As the construction manager explained: 
So the 3D modelling, it gives us three things, it gives us the ability to be able to see it, 
move around and have a look at it before we put it in and do a good induction with 
everyone. It also enabled us to get the biggest size elements we possibly could [load] 
onto a truck and actually see them on the truck and how we’re going to lift them off 
the truck. And the third one is it gave us the actual sequence of events to actually put 
the thing together so we put this bit in, we put that bit in, we put this bit in and it’s a 
nice simple layout. So, everyone knows what they’re doing, there’s no sort of hidden 
guessing there, what bit comes next. 
Overall, the design changes and the interactions that supported them were perceived to be 
beneficial to construction process while addressing the client’s requirements and the 
architect’s interests. This was evident from the design manager’s comment: 
… architecturally and aesthetically the [WRAP]element was going to look exactly the 
same as what it was under the previous design, it was just a better fabrication, 
installation, construction process and enabled us to tick those boxes and budget wise 
it was good as well. 
Figure 4.1 indicates the interdependencies between the decisions made during the design 
process. Each rectangle denotes a decision. To make it easy to refer to the design decisions in 
different tables and diagrams, as well as during statistical modelling, a decision ID was 
assigned to each decision. The decision ID is provided inside each rectangle at the top. 
Different numbers refer to different decisions and letters after the numbers (that is, a, b or c) 
denote revisions to the same decision (e.g., 1a and 1b denote original and revised decisions 
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respectively in relation to Framing Layout). The decision name and the decision outcome 
(selected option) are provided under the decision number in each rectangle (see the legend in 
Figure 4.1). Links in the decision network indicate logical and/or information dependencies 
between decisions. Methodological explanation about the development of decision network 
was provided in section 3.8.2 in Chapter 3. 
The original architectural layout for the façade frame (specified in decision 1a) formed the 
basis of the concept design and led to the proposition of GRC and precast reinforced concrete 
as the construction materials for the horizontal and vertical frame members respectively. 
These decisions, in turn, led to the tender decision to install the frame components after the 
construction of the building and to undertake the installation work on the exterior of the 
building (decision 2a). However, after the official engagement of the constructor, structural 
modelling and analysis indicated that design modifications were necessary (decision 8a). 
Consequently, changes were made to the frame layout by including additional members at 
roof level for lateral stability (decision 1b) and to the construction material; hence, it was 
decided to use rolled steel for the horizontal members instead of GRC (decision 4b). The 
modelling also confirmed that precast reinforced concrete was an appropriate construction 
material for the vertical members. These design modifications enabled installation of the 
frame components floor-by-floor as the building was constructed (decision 2b). 
In addition, the structural modelling and analysis generated the required information for 
detailed design of the components, making interrelated decisions about the size (decision 5a) 
and thickness (6a) of the steel members, and determining the number of connections required 
to fix the frame on the building (decision 7a). However, further analysis indicated 
modifications to detailed design of steel members were required to increase rigidity and 
reduce the vibration of steel members caused by the wind load, and to reduce the weight of 
the frame and improve the efficiency in material usage. Consequently, changes were made to 
size (decision 5b) and thickness (decision 6b) of the steel members, and the number of 
connections between the frame and the building was increased.  
Using the information from the detailed design decisions, the decision was made to 
manufacture the frame components off-site (decision 9). The length of the manufactured 
components (decisions 10 and 11) were specified based on the frame layout design and the 
floor-by-floor construction methodology while bearing in mind the transport and 
constructability (mainly lifting and access) considerations. 
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The type of connections between the frame components and floor slabs (decision 12a) was 
decided based on the frame members’ design and was subsequently modified (decision 12b), 
with consideration of access and WHS issues, to provide more flexibility and ease during 
installation. Similarly, the type of connection between frame beams (decision 13) was 
decided based on the members’ specifications while considering the construction 
methodology and access to the connection points as well as providing flexibility in lining up 
the bolt holes during installation process. In addition, the distance between the frame and the 
building (decision 14) was specified with consideration of worker’s WHS when accessing the 
connection point, as well as the requirements during building occupancy and maintenance. 
The design details for the members were reflected in the shop drawings (decision 15a). 
During preparation of shop drawings minor changes were made to connection details, 
(decision 15b) and subsequently the drawings were produced and approved (decision 15b). 
Based on the decision interrelationships, the most influential decision was the structural 
modelling (decision 8a) which triggered subsequent changes in six design decisions. This 
decision was motivated by the constructor’s concerns about WHS, construction methodology 
and the structural adequacy of the GRC members as specified in the concept design. 
Chapter 4 – Individual case description and analysis  
136 
 
 
 
 
 
 
D01 a
Framing layout
Layout as per tender
D01 b
Framing layout
Additional horizontal 
members at roof level
Spanning a considerable 
distance without any lateral 
stability
D02 a
Tender solution
Work undertaken on the 
exterior of the building
D02 b
Tender solution
Installation on finished 
floor level
D03
Vertical members 
material
Pre-cast reinforced 
concrete
D04 a
Horizontal 
members material
GRC
D04 b
Horizontal 
members material
Rolled steel
Tender award
D08 a
3D modelling
Structural changes 
required
D08 b
3D modelling
Structure approved
Concerns with structure 
weight and stability and 
construction methodFinancial and resourcing 
allowances to conduct 
further investigations
Cost, material supply, 
quality, structural, WHS and 
constructability concerns
D05 a
Size of rolled steel 
sections
500mm X 300mm
D05 b
Size of rolled steel 
sections
500mm X 250mm
D06 a
Thickness of rolled 
steel sections
3mm
D06 b
Thickness of rolled 
steel sections
6mm
D07 a
Connections back 
to the building
No. nominated by the 
builder
D07 b
Connections back 
to the building
No. increased
Cost, supply, and structural 
considerations
Cost, constructability, and 
structural considerations
Aesthetics and structure's 
weight
Structural considerations 
(weight and rigidity)
Cost and efficiency 
(minimal waste)
Structural considerations 
(Reduce vibration), 
Aesthetics
D09
Fabrication
OSM
Cost, supply, 
constructability
D10
Length of precast 
concrete elements
Span two floors
Supply & logistics, 
construction method 
& plan, aesthetics
D11
Length of rolled 
steel beams
Average of 9m 
(Max. 25m)
Construction method 
& plan 
Cost & transportation, 
constructability (lifting 
and assembling)
D12 a
Connection of frame 
components & slab
Bolt into cast-in ferrules
D12 b
Connection of frame 
components & slab
Flexible connections from 
frame into cast-in ferrules
Constructability, cost, 
aesthetics
Flexibility
D15 a
Shop drawings
Minor changes to the 
connection details
D15 b
Shop drawings
No changes
D13
Connection between 
frame beams
Consideration given to 
access and location
D14
Offset of frame from 
building
Reduce offset on North side 
by 250mm
Constructability, 
cost, aesthetics, 
maintenance
Constructability
Structural, 
Maintenance
Constructability
D16
Construction as per design
Construction without variation
str cti  s r si
Construction ithout variation
Decision ID
Decision Name
Decision Outcome
Decision
Project Stage 
or Milestone
Legend
 
Figure 4.1: The decision network for the design of high-rise façade system 
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The following Table 4.2 includes the key design decisions. In this table, each decision-making scenario is described and the interaction pattern 
that informed the decision-making scenario is explained. 
Table 4.2: The interactions underpinning key decisions for the design of high-rise façade 
ID Decision Participants and information exchanges Pattern of interaction during decision-making 
D01a Framing layout  
The original layout of the façade frame 
was specified in the concept design. The 
distinctive façade layout consisted of 
horizontal and vertical members creating 
a series of irregular-shaped rectangular 
segments wrapping around three sides of 
the building. The frame members joined 
together on top of the building and raised 
3m above the roof level. 
The client was the central participant who engaged the architect 
and the engineer in decision-making. In addition, the client was 
the only point of contact between the other participants, hence; 
the client acted as a “broker” during the interaction by both 
facilitating and controllinng the flow of information between 
other participants. The direction of the ties indicate that the 
architect was the source of the design idea, while the client 
made the approval and communicated the layout to the engineer 
for basic structural considerations. 
 
D01b Framing layout 
Changes to the façade layout were made 
after the constructor joined the project. 
The required changes were identified 
through detailed structural modelling and 
analysis and involved incorporating 
additional members to the frame section 
above the roof level. The change was 
necessary for lateral stability of the top 
During the decision-making, the project manager, design 
manager and construction manager interacted directly and 
frequently with each other, forming a triangle of strong and 
reciprocal interaction ties at the core of the network. Although 
less frequently, the design engineer, wind engineer and 
architect maintained strong and mutual information exchanges 
with each of the core participants as well as between 
themselves. The client was peripheral during the interactions 
and engaged in communication with only design participants.  
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section of the façade to resist the wind 
load. 
The steel contractor provided specialised advice and expertise 
to core participants both from design and construction areas.  
The dominance of triangular configurations (which indicate 
closure), combined with reciprocal ties, signifies an overall 
collaborative interaction environment during the decision-
making. The involvement of participants with different interests 
and viewpoints in frequent information exchanges further 
highlights the diversity of knowledge, as well as cooperation, 
that underpinned the decision-making. 
D02a Tender solution 
Original construction methodology 
considered in the tender documents 
involved installation work to be 
undertaken from the exterior of the 
building. 
A highly centralised interaction pattern underpinned the 
decision-making. The solution was proposed by the 
constructor’s senior team through ocasional interactions with 
design manager, project manager and construction manager. 
 
D02b Revised tender solution 
Due to constructor’s concerns about 
worker’s WHS, and through structural 
changes and use of rolled steel instead of 
GRC, the construction methodology was 
revised.  
The revised solution enabled installing 
frame members floor-by-floor as the 
building was constructed vertically; thus, 
workers could undertake the work safely 
A well-connected and dense network of interaction was formed 
between the participants during the decision-making. Direct, 
frequent and mutual information exchanges between 
participants indicate a collaborative interaction environment in 
this case, as all the participants were equally active and 
influential during the interactions. Moreover, the decision-
making only involved participants within the constructor’s 
organisation, but they provided a diverse set of skills and 
interests; that is, they were from design, construction and 
operation areas.  
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from each floor level and there was no 
need to work on the exterior of the 
building and at height. 
The triangular configuration of reciprocal ties which was 
present between all the involved participants suggest that a non-
hierarchical closure process (motivated by tendency for 
collaboration) could potentially be influential in forming this 
network. 
As this decision was about construction methodology and 
WHS, the constructor’s team relied heavily on their internal 
expertise and knowledge, and created a collaborative 
interaction pattern to efficiently use the knowledge resources 
within their organisation. 
D04a Horizontal members material 
GRC was specified in the original design 
as the material for constructing the 
horizontal frame elements. 
Occasional information exchanges took place between the 
client and the architect during the decision-making. The 
architect was the influential participant who specified the 
construction material based on the client’s requirements. 
 
D04b Horizontal members material 
As a result of structural analysis and 
modelling the decision was made to use 
rolled steel, as a substitute for GRC, to 
construct horizontal frame members. 
Rolled steel sections could provide the 
required structural stability for the high-
rise façade. In addition, using rolled steel 
enabled the revision of construction 
methodology (decision D02b) to improve 
workers’ WHS. Other factors considered 
A dense network of interactions, with direct and mutual 
information exchanges between the design manager, project 
manager, construction manager and steel contractor, was 
formed during the decision-making. This pattern signifies a 
collaborative context. 
The architect was a relatively peripheral participant. The design 
manager and the project manager were the most central 
participants, while the steel subcontractor and the construction 
manager provided construction process expertise. The 
architect’s interest was to ensure the aesthetic characteristics of 
the façade were taken care of, as the construction material was  
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during decision-making were 
constructability, cost of materials and 
competency availability in the 
marketplace. 
changed. The architect ensured this through mutual interaction 
with the influential participants (that is, the design manager and 
the project manager). 
D05b Size of rolled steel sections 
The dimensions of rolled steel sections 
were revised to improve the efficiency in 
material usage and reduce waste when 
using standard steel sheets to 
manufacture the steel members. 
The design engineer and design manager were the most central 
participants in terms of incoming informationin. These design 
participants had the responsibility to design the frame members, 
and thus needed to ensure different aspects were taken into 
consideration. The communication ties with the architect 
facilitated discussions about the aesthetic aspects of the design, 
while the wind engineer provided technical advice. The 
construction manager and the steel subcontractor provided 
advice on constructability and material usage respectively. The 
project manager was the most active and central participant in 
sending information, coordinating the whole process. 
Moreover, the project manager was the point of contact with 
the steel supplier communicating the design details and 
ensuring the supplier was updated about design changes to 
ensure the high qulity of manufactured elements. 
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D07b Connections back to the building 
As a result of detailed structural analysis 
as well as the changes in the design of 
rolled steel members, the number of 
connections between the building and the 
façade frame were increased. This was 
mainly to ensure the rigidity of the frame 
and reduce the vibration due to wind 
load. At the same time, the arrangement 
of the connection points needed to be 
specified in a way to ensure safe 
installation and access from the floor 
levels for workers. In addition, an 
architectural requirement was that the 
connection points were not visible. 
Two triangular configurations of strong and mutual ties were 
formed within the network. Both of the triangles included the 
design manager and the project manager who were also the 
most central participants. The construction manager and the 
wind engineer each participated in one triangle. Moreover, the 
overall network included reciprocal, but relatively weaker, ties 
forming several triangles within the network. These local 
closure configurations suggest that collaboration could be a 
potential motivating contextual process during the decision-
making. In addition, different local clusters within the network 
respresented different interests and requirements. For example, 
the cluster including the design manager, design engineer and 
wind engineer provided the technical expertise to address issues 
about the rigidity of the frame and reduce vibration. On the 
other hand, the architect was involved in local information 
exchanges with the design manager, project manager and 
design engineer to ensure consideration of aesthetic 
requirements. Finally, the construction manager engaged in 
frequent interactions with the design manager and project 
manager, and less frequently with the engineers, to ensure 
consideraion of worker’s WHS through providing safe access 
to connections when considering the number and location of the 
connection points.  
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D08a 3D modelling 
Structural changes were required as a 
result of detailed analysis and modelling 
of the façade frame. This was one of the 
key decisions impacting on several other 
decisions and leading to changes in frame 
layout, as well as the construction 
material and the design details for 
horizontal members. 
The project manager, design manager and construction 
manager were the most central participants during interactions 
and formed a triangle of direct, mutual and frequent 
information exchanges between themselves. In addition, each 
of these central participants engaged in direct information 
exchanges with the architect, design engineer and wind 
engineer. The overall connected and dense pattern of 
interactions highlights collaboration between the three central 
and senior (management) participants, while ensuring the 
inclusion of diverse technical and architectural considerations 
through interactions with the engineers and the architect. 
 
D09 Fabrication 
It was decided to fabricate the frame 
elements off-site. This decision was made 
because it was not possible to use 
standard steel sections, which could be 
bought off-the-shelf, for the horizontal 
members. In addition, the constructor 
preferred to minimise the work and 
storage on-site, and at the same time 
ensure effective quality control.  
A non-centralised and well-connected network of information 
exchanges underpinned this decision. The network structure 
comprises triangular configurations between all participants. 
This reflects network clousure and suggests collaboration (as a 
consequence of mutual and direct interactions between 
participants) may be an an underlying process shaping the 
network. Engagement of the steel subcontractor in the 
interactions enabled consideration of practical aspects during 
decision-making, such as specific lenghts and sizes that could 
be fabricated, transported and lifted, as well as the capacity and 
production rate of the manufacturer.  
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D10 Length of precast concrete elements 
The precast concrete members were 
designed to span two floors. The decision 
was made to reduce the number of 
connections, while transportation and 
lifting (maximum load) considerations 
were taken into account. Safe installation 
was possible at each complete floor level, 
and the members were propped until the 
floor slabs above were poured. The 
decision outcome fulfilled both 
architectural and constructability 
requirements. 
A well-connected and non-centralised network of interactions 
underpinned this decision. The network included 
communication ties between all the participants; hence network 
density is very high (binary density is 100%). In addition, the 
relatively strong ties between the participants indicate frequent 
and two-way flow of information between the decision-makers. 
As the qualitative data suggest in this case, the architect had the 
preference to increase the length of the precast members and 
the construction team was considering the structural and 
constructability aspects of the decision. The outcome of the 
negotiations was the decision for the precast memebrs to span 
two levels. This outcome satisfied all parties’ requirements. 
The interaction pattern (high density, high network closure) 
reflects a highly collaborative interaction between participants 
in this decision. Moreover, the participants bring in a range of 
different expertise regarding architectural, structural, 
constructability and planning considerations. 
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D12b Connections between frame 
components and floor slabs 
It was decided to use a sleeve-type 
connection. Ferrules (hollow threaded 
rods) were cast into the concrete slabs 
and connection arms were attached to 
steel members during manufacturing off-
site. Thus, welding and drilling on-site 
was not required and the installation 
process was quicker, involving lifting the 
members into position, sliding the 
connection arms into the ferrules on the 
edge of slabs and bolting them to the 
slab. 
The design manager and the construction manager were the 
most central participants in the information exchanges. They 
also provided the points of contact for engaging the steel 
supplier and steel subcontractor in the decision-making. 
Overall, the interaction pattern during this decision-making 
scenario suggests a well-connected interaction network formed 
between the project manager, construction manager, design 
manager and design engineer. The reciprocal ties and the 
closure process which was predominant in this component of 
the network can be interpreted as the existence of a 
collaborative environment during the information exchanges. 
Moreover, practical knowledge and expertise was made 
available by including the supplier and subcontractor in the 
interactions. This pattern enabled consideration of different 
aspects (i.e., structural design, constructability, WHS, overall 
project plan and efficiency, requirements for fabrication and 
supply) when making this decision. 
 
D13 Connection between frame beams 
It was decided to use bolted connections. 
OrbiPlateTM connectors were used which 
provided flexibility in all directions, thus 
reducing adjustment work during 
installation. No welding was required on-
site. In addition, the location of the 
connection points was decided in a way 
to allow workers to safely access and 
The design manager was the most central participant during the 
interactions. Moreover, the design manager was the point of 
contact between the steel supplier, the architect, the design 
engineer and the senior participants (i.e., project manager and 
construction manager). Thus, the design manager controlled the 
information exchanges between the participants, receiving 
information and ideas from the the architect and the supplier, 
coordinating and confirming information and solutions with the 
project manager and construction manager, and sending  
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install the connection parts from the 
floors and behind the safety barriers.  
information and updating the design engineer who was 
developing the connection details. 
D14 Offset of frame from building 
The distance between the frame and the 
building was originally decided during 
the concept design with consideration of 
future maintenance. However, the 
distance was subsequently reduced to 
allow for workers’ safe access to the 
connection points from inside the 
building. From a structural perspective, 
reducing distance also reduced stress on 
the connection arms. The optimal 
distance was selected through 
negotiations between different 
participants to address constructability, 
WHS, maintenance and structural 
requirements. 
The design manager was the most central participant during the 
interactions. Moreover, the design manager was the point of 
contact between the steel subcontractor, architect, design 
engineer and senior participants (i.e., project manager and 
construction manager). On one hand, the design manager 
interacted with the steel subcontractor about the workers’ 
requirements (and the desired distance they could reach from 
the floors) to install frame members and access the connection 
points safely. On the other hand, the design manager interacted 
with the architect to ensure consideration of end-use 
requirements for maintenance in the decision-making. The 
frequent interaction and coordination with the project manager 
and construction manager was needed to update these 
participants and to bring in their viewpoints when identifying 
the optimal offset distance. 
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With regard to the interaction patterns that underpinned the key decisions in this case, 
different groups of decisions were identified: 
• The original design decisions (D01a and D04a), and the original tender methodology 
which was based on the original design (D02a), involved non-frequent and highly 
centralised information exchanges with involvement of a few participants. 
• The revised decisions about the general design of the frame and the construction 
methodology (D01b, D02b, D04b, D05b and D07b) involved a higher number of 
participants than the original decisions. Furthermore, the interaction patterns were non-
centralised and collaborative with mostly frequent and direct interactions between the 
participants. Participants from different disciplines (design, construction and project 
management) were involved in the interactions. These decisions mostly had positive 
constructability and WHS outcomes. 
• The detailed and technical design decisions about specific features of the façade (D09, 
D10, D12b, D13, D14) were underpinned by higher influence from design and 
construction participants, involvement of subcontractors, collaborative information 
exchanges (evidenced by network closure), and a relatively central position for the design 
participants. Overall, these decisions positively influenced WHS and constructability. 
 
4.2.3 WHS outcomes 
The decisions made during the design process influenced constructability and WHS. The 
impacts on WHS were mainly positive, although the decision to increase the number of 
connections between the frame and the building (decision 7b), which was made due to 
structural reasons, resulted in extra work and increased workers’ exposure to ergonomic 
hazards and overexertion when working on connection points. Similarly, the decision to 
include additional horizontal members to the frame at roof level (decision 1b) was necessary 
for structural stability of the frame; however, it resulted in extra work and lifting of large 
sections using crane. 
One of the influential changes was the decision to use prefabricated steel sections instead of 
GRC sections (decision 4b). Apart from the structural advantages, installing steel beams 
required fewer connections between the façade frame and the building than GRC beams. 
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This, in turn, reduced the exposure of workers to hazards associated with postures such as 
those involving overexertion, bending, reaching, twisting, climbing. 
The location of the connection points was decided to ensure workers could reach and fasten 
the connection without stepping outside the building (decision 2b). This also involved 
revising the sequence of installation process. Originally, it was planned to install the façade 
frame once the construction of building structure was completed. The constructor team, 
however, suggested an alternative sequence of work allowing for the installation of the façade 
elements floor by floor as the building was vertically constructed. This alternative 
construction sequence eliminated the need for installers to work from swing stages or other 
mechanical equipment at heights of up to 130m on the outside of the building. The workers 
were able to reach the connection points, and install and fit off the frame beams, safely from 
the protected finished floor levels and balconies without having to work on the exterior of the 
structure. As the construction manager explained: 
… that was part of the process that came out of the 3D modelling … we thought well 
we may as well break it up at a point where you can actually get to it from the floor 
without having to hang off the building trying to do something stupid. So pretty much 
you do not have to go outside the building at all to do anything on this. Because all 
the [connection] cover plates are on the inside face so you just take the cover plate 
off, put the piece in, bolt it up, cover plate back on, that’s it. 
The decision to manufacture the WRAP elements off-site (decision 9) made the installation 
process quicker and reduced workers’ exposure to hazards associated with manual work and 
on-site welding. The decision also helped to free up space on the site which was already tight. 
In addition, the decision to attach the connection arms to the steel beams as part of the off-site 
manufacturing process eliminated the need to weld or bolt them on-site, and made the 
installation process much quicker and easier. In the same way, casting ferrules into the floor 
slabs eliminated the need for drilling into concrete on-site (decision 12b). The connection 
plates provided 20mm tolerance in all directions to align the bolt holes. This design detail 
provided great flexibility for the workers and reduced the time and effort spent on 
installation. This also meant the beams were suspended from the crane for a shorter period of 
time; thus, exposure to hazards associated with suspended loads was reduced. 
The decision to fabricate the intersecting frame members as a single section off-site, and the 
consideration of connection locations (decision 13), further reduced the number of 
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connections that were to be made on-site; thus, workers’ exposure to ergonomic hazards and 
overexertion was reduced.  
Designing the vertical precast elements to span over two floors (decision 10) reduced the 
number of connections required, and the amount of propping and temporary works needed to 
support the elements, while waiting for the next element to be installed, was greatly reduced. 
The following Table 4.3 provides a detailed assessment of the effectiveness of WHS controls 
realised as part of the decision-making process in this case study. The method for evaluating 
the effectiveness of WHS hazard controls, based on the Hierarchy of Control (HOC) concept, 
was explained in section 3.8.1 in Chapter 3. Overall, the assessment indicated a good level of 
WHS performance achieved through implementing mostly technological hazard controls 
during the construction process. 
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Table 4.3: Assessment of WHS hazard controls for the construction of high-rise façade system 
Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Material handling and 
construction activities for 
the façade 
Installation of horizontal 
frame elements for the 
façade structure 
Overexertion in holding, 
carrying, or wielding 
Using light-weight material to build frame 
elements 
Substitution 4 
3.94 
Struck, caught, or crushed 
in collapsing structure, 
equipment, or material 
Installation of frame 
elements for the WRAP 
structure (façade) 
Connecting the frame 
elements back to the slab 
Overexertion bending, 
crawling, reaching, twisting, 
climbing, stepping 
Using rolled steel in place of GRC and 
reducing the number of connections 
required 
Substitution 4 
Building WRAP frame 
elements 
Building façade frame 
elements from rolled steel 
folded into rectangular 
shape 
Contact with objects and 
equipment 
Off-site manufacturing Elimination 5 
Overexertion in holding, 
carrying, or wielding 
Installation of steel 
elements 
Lifting large sections to 
position using crane 
Struck by object or 
equipment 
Training, Safe Work Method Statements, 
work sequence 
Administrative 2 
Installation of façade 
frame 
Positioning and 
connecting frame 
elements to each other and 
to the slab 
Falls to lower level 
Installing the façade elements floor by 
floor, accessing the work area from 
finished floors 
Elimination 5 
Installation of façade 
frame 
Installation of façade 
frame elements at each 
floor without permanent 
exterior walls 
Falls to lower level 
Protection by safety screens 
Engineering 
Control 
3 
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Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Installation of façade 
frame elements 
Connecting the 
intersecting elements 
together 
Overexertion bending, 
crawling, reaching, twisting, 
climbing, stepping 
Fabricating the intersecting sections as a 
single section off-site to reduce the 
number of connections 
Substitution 4 
Fixing façade frame to the 
slab 
Connecting the frame 
back to the slab to fix the 
façade 
Contact with objects and 
equipment 
Cast ferrules into the precast slab to 
eliminate the need for drilling into the 
concrete 
Elimination 5 
Beam connections 
Connecting the beams to 
the connection arms 
Overexertion bending, 
crawling, reaching, twisting, 
climbing, stepping 
Attaching connection arms to the beams in 
factory to eliminate the need to weld or 
bolt the connection arms on-site 
Elimination 5 
Frame connections 
Connectors between frame 
and cast-in ferrules 
Overexertion bending, 
crawling, reaching, twisting, 
climbing, stepping 
Using connectors providing 20 mm 
tolerance in all directions to provide some 
flexibility during installation 
Substitution 4 
Extra exposure to 
ergonomic hazards and 
overexertion, bending, 
reaching, twisting as a result 
of extra work for the 
increased number of 
connections 
Safe Work Method Statements, work 
sequence 
Administrative 2 
Beam connections 
Installing and tightening 
bolts on connection plates 
inside the beams 
Overexertion bending, 
crawling, reaching, twisting, 
climbing, stepping 
Increasing the size of the panel openings 
to have more space and better access to 
the connection area 
Substitution 4 
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Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Beam connections 
Installing and tightening 
bolts on connection plates 
inside the beams 
Falls to lower level Access to all connection points 
specifically located in a position easily 
reached from the finished concrete floors 
– the clearance between the façade frame 
and the building was reduced to allow for 
frame connection works be undertaken 
from behind the safety of the perimeter 
barricading 
Elimination 5 
Vertical frame elements 
Temporary works for 
installation of precast RC 
vertical elements spanning 
over two floors 
Struck, caught, or crushed 
in collapsing structure, 
equipment, or material 
Propping the vertical elements into 
position to resist wind and lateral forces 
while waiting for the next floor slab to be 
ready to continue installation 
Engineering 
Control 
3 
Vertical frame elements 
and connections 
Connection between 
vertical elements and 
criss-cross sections on top 
levels 
Contact with objects and 
equipment 
Designing the vertical precast elements to 
span over two floors to reduce the number 
of connections required as well as the 
amount of temporary works needed to 
support the elements 
Substitution 4 
Painting the frame Painting the frame 
Falls to lower level Painting the elements prior to installation; 
only touch-ups were done on-site in case 
of any damage 
Substitution 4 
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4.2.4 Overall interaction and decision-involvement patterns and measures 
The sociogram in Figure 4.2 shows the pattern and average frequency of information 
exchange between project participants during the design decision-making process. In 
particular, the network captures the level of involvement of participants in the interactions 
and the average frequency of information exchanges that underpinned design decision-
making in this case. 
 
Figure 4.2: The overall pattern of interaction during the design decision-making process 
The normalised valued density for the network is 5%. At the same time, the binary density 
value for the network is 44%, indicating a high level of connectivity (direct information 
exchanges) between participants, with almost half of the potential ties reflected in actual 
information exchanges. In addition, the average value of existing ties is 0.53, the maximum 
tie strength is 2.76 and 8 ties (i.e., 12% of the present ties) have a tie value above 1. These 
measures indicate the coexistence of strong and weak ties in the highly connected network, 
with the prevalence of weak ties. This network pattern was favourable for a fast and easy 
information flow between participants, as the majority of the participants engaged in direct 
information exchanges and it took less time (due to the involvement of few intermediary 
participants) to share information in the network. This is also indicated by the network’s 
small diameter which is 2, showing that the longest (maximum) short communication path 
between participants consisted of only two steps: that is, the maximum number of 
intermediate participants involved in transmitting information between any two participants 
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in the network was one (the maximum number of ties was 2). This suggests a high tendency 
for participants to directly interact with each other rather than relying on intermediary 
participants to transmit the information. 
On average, the participants were involved in 5 interaction ties with others (the average 
degree centrality is 5.3). The most active participants in sending information were the project 
manager, construction manager and design manager, each sending 11 ties to others. On the 
other hand, the project manager had the highest number of incoming information ties (11 ties) 
followed by the design manager (10 ties) and the construction manager (8 ties). In terms of 
the frequency of interactions, the data generally indicates a medium normalised degree-
centrality for the constructor’s team, but at the same time shows a high frequency of 
information exchange between the construction manager, design manager, and the project 
manager. As is observable in the network, these three participants form a triangle of strong 
ties at the core of the network. This suggests a high level of design and construction 
information exchange among these senior decision-makers within the constructor’s 
organisation. The network also includes ties between these three core actors and external 
subcontractors/suppliers, suggesting the involvement of specialised knowledge and expertise 
in the decision-making process at early stages of the project. These ties are weaker in 
comparison to the ties between the senior decision-makers. Previous research has suggested 
these weak ties could be an effective source of innovative ideas and novel information (see 
for example, Granovetter, 1973). The reason is that the weak ties transmit occasional, but 
potentially new, information which one may not normally receive from likeminded 
individuals with whom he/she frequently interacts. 
Overall, the interaction network included participants from different tiers of the supply chain, 
with design, construction, and supply/specialist expertise and interests all represented. The 
arrangement of ties in the network has created a structure characterised with a medium level 
of centralisation. This is revealed by an average value for both in-centralisation and out-
centralisation (0.51). On one hand, there were few participants at the core of network (i.e., 
project manager, construction manager and design manager) who indicated higher centrality 
than the majority of participants; thus, they exerted a relatively high influence on the 
interactions between participants. On the other hand, the rest of the participants, to some 
degree, also engaged in direct interactions with each other. This has reduced the dominance 
of the central participants at the core of the network and has created a low-density but 
moderately connected interaction pattern around the core. The connectivity and the frequency 
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of interaction between these non-senior participants were particularly significant when 
making the key decisions (see Table 4.2 where the interaction networks underpinning the key 
decisions were mostly well-connected). Thus, the network pattern facilitated timely and quick 
information exchange between participants to address the particular requirements at each 
decision-making point, and simultaneously enabled the senior and influential decision-
makers, who were central during the interactions, to control the overall interaction activities. 
The sociogram in Figure 4.3 indicates the involvement of project participants in design 
decisions. In this bipartite network, the red circles represent the project participants and the 
blue squares denote decisions. In addition, IDs are provided to identify each decision. The 
explanations for the decisions, as well as the relationships between the decisions, were 
provided in Figure 4.1 and Table 4.2. As explained in Chapter 3, a link between a participant 
and a decision in the bipartite network, in Figure 4.3, shows that the participant was involved 
in making that decision and had decision-making power to influence the decision outcome (as 
perceived by other participants).  
 
 Figure 4.3: The overall pattern of involvement in the design decision-making process 
On average, nearly five participants were involved in making each decision (average degree 
centrality for decisions is 4.8). Revising the framing layout (decision 1b) and revising the size 
of rolled steel sections (decision 5b) involved the highest number of participants with 8 and 7 
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participants respectively. In addition, decisions 5a, 6b, 7b, 8b and 12b each involved 6 
participants. These decisions comprised design revisions to façade framing layout, the size 
and thickness of steel members, the type and number of connections, and the 3D model. The 
decisions were generally perceived to improve constructability and WHS outcomes (see 
section 4.2.2 for further explanation). 
On average, participants were involved in 9 decisions (average degree centrality for 
participants is 9.15). The project manager, design manager and construction manager had the 
highest involvement in the design decisions, each was involved in 23 decisions. The client 
was directly involved in the concept design decisions; however, after detailed design 
commenced, the architect and the design engineer represented the client in the decision-
making, with the architect having power to influence the outcome in 16 decision-making 
scenarios, and the design engineer in 10 decision-making scenarios. The steel subcontractor 
and steel supplier were involved in the design of steel members, the connections and the 
frame layout. 
 
4.2.5 Multilevel network analysis 
To consider the interdependencies between social interactions and technical decisions across 
levels, Multilevel Exponential Random Graph Models were used. Two models were fitted to 
the data. The network effects (configurations) included in the models were the same (see 
section 3.9.5 in Chapter 3) and comprised both interaction-level (micro-level) effects and 
cross-level effects. The interaction-level effects referred to the social exchanges between 
actors, while the socio-technical dependencies were taken into account by cross-level effects. 
In the first model, all the information exchanges between participants were considered. In the 
second model, only interactions important for making decisions were considered. This was 
done by selecting and including interaction links which were scored above 2 for importance. 
In both models, parameter estimates converged. Including simple (3-star) cross-level 
connectivity effects (XStar3A and XStar3B) helped model convergence.  
The goodness-of-fit check indicated that both models were capable of reproducing the 
properties of the observed network well. In both models, goodness-of-fit t-ratios, in absolute 
value, were less than 0.1 for fitted effects and less than 1 for unfitted effects. These values are 
well below suggested thresholds (see Chapter 3). Parameter estimates for the models are 
presented in Table 4.4. The parameter names as they appear in MPNet are provided in square 
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brackets. Under each model, the parameter estimates are presented for each effect and the 
corresponding standard error (in brackets). 
Table 4.4: Parameter estimates for the ERGMs 
Effects Model 1 Model 2 
Interaction-level effects   
Arc 9.5934 (10.894) -3.703 (2.626) 
Reciprocity 6.0287 (2.084)* 4.8638 (1.904)* 
Two-path [TwoPath] 0.2535 (0.251) 0.2177 (0.154) 
Popularity spread [AinS] -0.2796 (2.177) -1.4175 (1.048) 
Activity spread [AoutS] -11.1644 (5.953) -2.1914 (1.14) 
Transitive closure [AT-T] 1.8393 (1.012) 2.2193 (0.76)* 
Cyclic closure [AT-C] -0.2729 (0.881) -0.7311 (0.417) 
Multiple connectivity [A2P-T] 0.3115 (0.412) 0.2506 (0.207) 
Cross-level effects   
Cross-level edge [XEdge] 0.585 (4.771) 1.4392 (4.534) 
Cross-level 3-star connectivity [XStar3A]   -0.0749 (0.075) -0.0903 (0.073) 
Cross-level 3-star connectivity [XStar3B] 0.0042 (0.003) 0.005 (0.003) 
Cross-level connectivity spread [XASA] -3.6476 (2.719) -2.7501 (2.572) 
Cross-level connectivity spread [XASB] 0.8008 (1.135) -0.3454 (0.94) 
Affiliation-based closure arc [TXAXarc] 0.8378 (0.216)* 0.7372 (0.223)* 
Alternative affiliation-based closure arc [ATXAXarc] 0.2675 (1.153) 0.669 (1.172) 
Affiliation-based closure arc [TXBXarc] 0.4976 (0.424) 0.4598 (0.423) 
Affiliation-based closure reciprocity [TXBXreciprocity] 0.0199 (0.709) 0.0467 (0.671) 
Alternative affiliation-based closure arc [ATXBXarc] 1.929 (1.071) 1.6003 (1.026) 
Alternative affiliation-based closure reciprocity [ATXBXreciprocity] -2.5776 (1.892) -2.5238 (1.944) 
Cross-level alignment entrainment [C4AXBentrainment] -0.0493 (0.018)* -0.0459 (0.019)* 
Cross-level alignment reciprocity [C4AXBreciprocity] 0.1323 (0.068) 0.1655 (0.078)* 
* Indicates significant estimate. 
Standard errors are provided in brackets. 
Network A is decision-level (macro-level) network. Network B is interaction-level (micro-level) network. 
As explained in chapter 3, a significant parameter estimate (denoted by * in Table 4.4) 
indicates the associated configuration was observed more than anticipated (if the parameter 
value had been 0), given the other effects included in the model. 
The positive and significant reciprocity estimate suggests a high propensity for two-way 
interaction and mutual information exchanges in the network. In other words, where 
interaction activity existed between two participants (conditional on other effects in the 
network) there was a high tendency for the interaction to be reciprocated. This indicates that 
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the design decision-making was predominantly underpinned by two-way interaction between 
participants. The reciprocity effect was significant when considering all the interactions 
(model 1) as well as when only important interaction was taken into account (model 2). 
The transitive closure estimate was positive and significant in model 2. This can be 
interpreted as the consequence of a ‘path shortening process’ (Robins et al., 2009) 
encouraging the formation of clusters of triangles in the network. In other words, the 
important interaction tended to happen in direct and short paths whereby participants who 
were connected through others tended to exchange information directly. This can be 
interpreted as evidence that the important information exchanges between participants were 
shaped by collaboration and control (Robins et al., 2012). Moreover, the transitive (rather 
than cyclic) nature of closure suggests the information exchange tended to happen in a 
hierarchical arrangement in local sub-groups. 
The positive and significant estimate for affiliation-based closure indicates participants’ 
tendency to be directly involved in making sets of decisions which were interdependent. In 
addition, the negative and significant estimate for cross-level alignment entrainment indicates 
a low tendency for individuals involved in different, but interdependent, decisions to directly 
interact. When considered together, it can be concluded that the interdependent decisions 
were more likely to be made through direct involvement of a number of common 
participants. This indicates that the associated information was transferred between 
dependent decisions through direct involvement of the relevant individuals (with power to 
influence decision outcomes) rather than only through interaction with them. Put differently, 
if participants had power to influence a decision-making scenario, they were also more likely 
to be involved (and have the power to influence) the outcomes of other (technically) related 
decisions. Thus, local clusters, within the multilevel network, were likely to be formed 
consisting of technically-related decisions and the common participants who were involved in 
them. Altogether, the evidence suggests that where decisions technically depended on each 
other, the individuals were the primary means of transferring the relevant knowledge and 
expertise between the decisions rather than reliance on the communication flow. Thus, if 
individuals were influential in a decision-making scenario, they were highly likely to bring in 
and communicate their knowledge and expertise to the other technically-related decisions, 
and to influence (have power to shape) the outcomes of these related decisions (rather than 
only communicating their knowledge to other decision-makers). This facilitated a direct 
transfer of knowledge and expertise between the interdependent decisions (as opposed to 
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indirect transfer of information through mere consultation with those involved in decision-
making). Put simply, in this case there was a high tendency for participants with the 
information and expertise relevant to a decision-making scenario to both engage in the 
interactions and exert power to influence the decision outcome rather than only providing 
information. 
The non-significant estimate for two paths underlines the lack of correlation (positive or 
negative) between sending (out-degree) and receiving (in-degree) information. In addition, 
non-significant estimates for activity spread and popularity spread reflect little centralisation 
in in-degrees (receiving information) and out-degrees (sending information) and suggest that 
participants were relatively homogenous in respect to sending and receiving information. 
Thus, to the extent there was centralisation in the interaction network, it must be due to other 
effects in the models, such as closure. Similarly, the non-significant multiple connectivity 
estimate reflects (conditional on other effects) no tendency for network brokerage and 
formation of structural holes in the network. 
The non-significant effects for cross-level connectivity spread highlight that there was no 
tendency for a highly centralised decision-involvement: that is, conditional on the other 
effects, the participants were relatively homogenous in respect to direct involvement in (and 
influencing) the decisions. 
 
4.2.6 Findings from case study A 
Through the combination of the decision circumstances and outcomes, and the interaction 
patterns which underpinned design decision-making in this case, a number of specific 
characteristics were identified. 
The design and construction participants were both involved in early decision-making and 
interactions starting from the tender stage. In particular, the senior decision-makers from 
design and construction disciplines (project manager, construction manager and design 
manager) were highly involved and influential in the interactions during almost all the design 
decisions. This is evident in the overall interaction pattern (Figure 4.2) by the strong and two-
way ties between these participants. The triangular interaction pattern (closure) between these 
participants reflects the collaborative nature of the information exchanges between them. 
Moreover, the constructor’s team worked jointly with the architect and the engineering 
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consultant to review the details of the design and construction process and make a number of 
key decisions which, in turn, improved WHS and constructability (as evident in Table 4.2). 
The design decisions were mostly supported by high involvement of participants in decision-
making (on average, five participants per decision). In addition, participants were from 
different tiers of the supply chain. Thus, they brought a range of knowledge and viewpoints 
into the decision-making scenarios. Almost all the identified design decisions in this case 
involved a combination of participants with design and construction expertise. Regarding the 
demand-side participants, the architect and the engineering consultants had a high level of 
engagement in the decision-making process. Their involvement was encouraged by the client 
who empowered these actors and gave them the authority to make decisions and represent the 
client. This was reflected both in the interviews and by the architect’s and engineer’s high 
involvement in decision-making (Figure 4.3), as well as their direct and relatively frequent 
interactions with the constructor’s team during the design process. 
Considerations about construction methodology were part of the design decision-making 
since the tender stage. The constructor even raised concerns about the constructability and 
WHS aspects of the preliminary design as part of their tender response and made some 
internal financial allowance for further revision of the proposed design. Furthermore, as both 
the interviews and the interaction network patterns indicate, the involvement of senior 
participants with extensive construction experience in the revision process was essential to 
improve constructability and WHS of the design. As the design manager explained: 
… so [we] tendered it and priced it as per the architectural drawing, but we made 
internal allowances for further design development, you know, engineering input, and 
the like. Once we were formally awarded the project we just, we did a, we had a bit of 
a design review with some of our senior guys and the project team, and we had a 
fundamental position that we didn’t believe that that design was going to be the right 
approach for us to build the job and so the decision that we were coming from was 
how do we best design this element to fit into our construction requirements. 
The interaction pattern during the design process supported both the use of internal 
knowledge and resources within the design team and the inclusion of external specialist 
expertise when required. On the one hand, the highly connected interaction network (evident 
by a high value for binary density for the overall interaction) within the design team enabled 
a fast and efficient flow of information and collaboration between participants from the 
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constructor’s organisation and the architect and engineering consultants. The significant 
closure effect identified in the statistical analysis of the interaction network further 
highlighted the collaborative information exchanges between participants. The strong and 
conductive ties between the project manager, design manager and construction manager 
formed a backbone for this connected structure and enabled them to govern the decision-
making process. On the other hand, the weak (but essential) ties reflecting occasional 
interactions with suppliers and specialist subcontractors helped to incorporate novel ideas and 
innovative solutions where and when required. For example, as the participants from the 
constructor’s organisation suggested during the interviews, revisions to the connection details 
suggested by the steel subcontractor resulted in structural improvements and enhanced 
constructability.  
The availability of specialist expertise of suppliers and subcontractors was considered 
beneficial to the design process by bringing in knowledge about construction and fabrication 
process to the design decision-making and identifying practical issues. For instance, referring 
to the steel supplier who prepared the shop drawings, the architect commented: 
So they make sure that everything is drawn, like just minor connection details and all of 
that, like they will draw it. And that, I actually find that it’s the important part of all this 
to making sure that it works thoroughly, because they have the construction knowledge 
and the manufacturing process, they know all of that thing. Whereas we on the other 
hand, we know the aesthetics, we know what we need to achieve, but we’re not 
necessarily the expert in manufacturing and fabrication. Whereas those guys know very 
well what needs to happen, and that’s when we thought that they are quite valuable to the 
project, and that [constructor] did actually get them to do it. 
The interactions between participants responsible for different project components facilitated 
the coordination of work, and ensured the structural elements and details were compatible 
and the construction process could be undertaken both efficiently and safely. Modelling the 
structural details and planning the construction process was considered helpful for 
coordination and communication of details within the design team. As the project manager 
explained:  
… we’ve sort of developed that model so that we can all be aware of all the 
intricacies of where it ties into, as a team, understand how it all ties in to the 
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structure. And we’ve also looked at virtual construction as well and looking at how 
those elements go together. 
Furthermore, coordination meetings were conducted between the participants to support 
effective interaction and ensure potential issues were resolved at design stage before 
construction commenced. The project manager commented that: 
We’re going to have pretty much monthly coordination meetings going forward; one, 
to make sure that off-site [work] is on track; and then secondly, really to just iron out 
as many potential issues on Level 36 and above as possible I suppose. We’ve got 
probably eight to nine months before that work happens to really do as much detailed 
coordination work, look at all the different scenarios that might play out so that we’re 
prepared for anything when it happens on-site. There’s quite a lot of risk involved in 
installing this, and also a lot of potential time involved which we really need to 
mitigate for our program. 
Collaboration between participants was identified as an important factor in achieving a high-
quality design which incorporated different parties’ interests and was constructible. In 
particular, the collaboration of the constructor’s team with the client and the architect was 
highlighted. As the construction manager explained: 
When we tendered [for the project], we put a PC sum on it and we qualified ourselves 
out of the whole thing working. So we were in a box seat really with the client and 
with the architect to say you know, we’ll do our best to make your impossible spider 
web work but you’ve got to work with us. 
Similarly, the design manager described the way they managed their interactions and 
engagement with other participants during the design development as:  
… we take our contractors, we have them sign a construct contract so we take the 
responsibility for the design and for the construction of the project, so we have the 
ability to a certain extent to work within the guidelines or boundaries that we’ve got 
of our head contract, and that allowed us to come up with the best solution that we 
were willing to stand by from the person who’s taking that responsibility and that 
risk. We obviously engaged pretty directly and heavily with the architects because 
they have a fair bit invested into it but we also kept the client in the loop too and he 
was, the client was at all of our meetings. 
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In the same way, the significant effects which were identified from the multilevel network 
analysis in this case study highlight the collaborative nature of design decision-making and 
the underlying interactions. The positive and significant reciprocity effect indicates the 
prevalent two-way interactions and mutual information exchanges between participants 
which supported design decisions in this case. Moreover, the positive and significant 
transitive closure effect highlights the collaborative interaction structure during the design 
process where participants tended to cooperate and exchange information in local team-like 
configurations. Similarly, the significant and positive affiliation-based closure effect reflects 
the match between participants’ expertise and decision dependencies and, more importantly, 
empowering the participants to directly influence the decision outcomes when their skills 
were relevant. This also facilitates an efficient and direct transfer of knowledge and expertise 
between technically dependent decisions. A particularly important finding was that involving 
the participants with relevant expertise in decision-making, not only through interaction but 
also by having the power to influence the outcomes of the related decisions, was prevalent 
(and significant) during the design decision-making. 
Regarding the decisions with direct positive constructability and WHS outcomes (e.g., 
decisions 2b, 4b, 9, 10, 12b and 13), a number of common characteristics were identified. 
The decisions were made with consideration of the construction process among other factors 
such as aesthetics, structural, transportation, cost. Moreover, the interaction networks which 
underpinned each decision involved the design manager, the project manager and the 
construction manager (i.e., senior participants from design, planning and construction 
disciplines within constructor’s organisation) as well as demand-side participants (e.g., 
architect or engineer). Specialist subcontractors and suppliers were engaged in decision-
making when and where their expertise was required (e.g., in decisions 9, 12b and 13). 
Furthermore, the interaction networks between participants were highly connected and the 
binary density values were very high, as a result of the prevalence of direct and two-way ties 
between participants; hence, the networks were non-centralised and closure among the 
constructor’s team (and architect and engineer when they were involved in decisions) was a 
significant effect, further highlighting the inter-disciplinary collaboration in the constructor’s 
organisation. Relatively occasional interactions (when required) with subcontractors/suppliers 
provided new knowledge and information not possessed by the constructor’s team. 
Overall, the significant themes in this case study were high involvement from different 
disciplines in decision-making, collaboration, efficient communication (with formation of a 
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connected network), involving new information and novel ideas (through establishing ties 
with suppliers and subcontractors), and enabling participants with relevant expertise to 
directly influence decision outcomes and transmit knowledge and mobilise expertise when 
making related decisions. 
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 Case B – Installation of roof and wall cladding 
Summary of case B 
Case 
description 
The case involved the design and installation of the roof and wall cladding for the storage 
facility of a manufacturing plant. The project was procured using a design and construct 
(D&C) approach. At early stage, the client engaged a consultant to review the design of 
client’s facilities in other locations in order to capture the best design features of the existing 
facilities. Based on this review, a generic design was developed with a strong focus on 
operations and end-use features of the facility, as well as health regulatory requirements. 
Details such as construction material, wall cladding details and specifications had mostly been 
decided with end-use considerations, leaving little flexibility to improve constructability and 
WHS. The generic design and project specifications were handed over to the constructor. 
 
The constructor decided to use precast concrete panels for walls to reduce on-site activities. It 
was also decided to cut the openings (e.g., doors and windows) into the concrete panels on-
site. However, the 2m height of the doors left only 200mm of concrete above the cuts and 
weakened the panels. Thus, cracks often developed around the openings during the installation 
of panels and door fixtures, creating extra work for the workers to fix the cracks. It was also 
decided to use steel sheets for roof cladding. In addition, the client required fibreglass panels to 
be included in the roof cladding to use natural daylight. The size of the sheets was specified 
based on the transportation requirements. During the construction stage, late design changes 
were required by the client due to operational reasons. The changes caused additional work. 
Modifications to the precast concrete panels, roof sheets and roof purlins were required. 
Key 
findings 
• There was a relatively low WHS performance in this case, with an average HOC score of 
2.37. 
• Late and ongoing changes by the client created extra work and negatively impacted WHS. 
There was a reliance on low level WHS risk controls to address the hazards associated 
with the rework. 
• A hierarchical pattern of information exchanges underpinned the decision-making, with a 
dominant flow of instructions from the demand stakeholders to the subcontractors. This 
pattern was combined with an overall low decision-making power for the subcontractors 
and high decision-making power for the client and client’s engineer. 
• There was an overall low frequency of information exchange (prevalence of weak ties and 
low average tie strength) and low connectivity (low binary density). 
• There was a low level of involvement of subcontractors in decision-making. 
• There was a relatively low influence by the constructor on decision outcomes, and the 
constructor was mainly transmitting information between sub-groups of participants. 
• The interaction pattern was highly centralised. The client, the client’s engineer and the 
constructor had the highest activity (and influence) during the interactions. However, the 
rest of the participants’ communication activity was low. 
• The participants tended to interact in small groups rather than communicating globally, 
with the constructor acting as a broker and connecting the small groups to each other. 
These small groups mainly included participants from the same tier of the supply chain; 
thus, there was a low diversity of participants in the small local groups. 
• The statistical analysis of the network indicated that two-path and transitive multiple 
connectivity configurations were prevalent in the network which reflect a tendency 
towards forming long interaction paths (communication through others), as well as 
hierarchical information exchange activity. 
• The contractor’s highly central position in the interaction network was mainly the 
consequence of their involvement in transferring and distributing information from the 
client’s team to the rest of the participants, engaging subcontractors to implement the 
decisions, and providing feedback from engineers to the client’s team. 
• There was no evidence of participants’ tendency for collaborative information exchanges.  
• There was no evidence of an alignment between the technical dependencies of decisions 
and the participants’ information exchange patterns during the decision-making, as 
indicated by the multilevel analysis of the interaction and decision networks. 
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4.3.1 Overview of case B 
This case study focuses on the design and installation of the roof and wall cladding for the 
storage facility of a manufacturing plant. The project involved constructing a new 
manufacturing plant and the related storage facilities. The area of the greenfield site was 
around 12 hectares. The project cost was estimated to be over A$500m. The design and 
construction of the storage facility for the plant is considered in this study. The duration of 
the project was just over 18 months. At early stage of the project, the client engaged a 
consultant to review the design of the client’s storage facilities in other locations in order to 
capture the best design features of the existing facilities. An emphasis was placed on end-
user’s safety and product flow. The idea was to develop a generic design which could be used 
in future for constructing new facilities. The design and the building layout were driven by 
the requirement to maximise storage capacity with safe and efficient product handling and 
access. Separating staff and machinery was of particular importance. Based on these 
operational requirements, and through the review, a generic design was developed which 
formed the concept design in the tender documents. Information about general site conditions 
and risks were included in the tender package. The building area was 15,000 m2 and the 
storage capacity was 25,000 tonnes of product. The client selected a design and construct 
procurement approach for the project. 
Due to health regulatory requirements, wall surfaces needed to be impermeable and easy to 
clean and maintain. In addition, all openings needed to be vermin proof. Apart from 
regulatory requirements, the design review of other existing facilities identified a number of 
operational and aesthetic features the client wanted to be taken into account as part of the 
design; for example, using natural light in the warehouse area, and tidy design details for the 
walls (which also made the cleaning process easy). All requirements were communicated to 
the constructor during the tender stage, including the generic design developed by the client’s 
engineer. 
 
4.3.2 The evolution of social interactions and the emergence of design decisions 
To address health regulatory requirements, and based on previous experience in other similar 
facilities, the client decided to use concrete panels for the lower 2.2m of the walls and use 
steel sheets to cover the rest of the height of walls. Concrete was considered to be easier to 
clean and maintain than steel sheets. This design detail was also preferred from an aesthetics 
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perspective, as both the client’s engineer and the project manager stated it looked much tidier 
than a lot of other warehouses and facilities in the area. The decision was made through direct 
and frequent interaction between the client and the client’s engineer, who was engaged to 
undertake the design review. In addition, the health regulator imposed their requirements on 
the client through one-way and direct but occasional interaction with the client. The decision 
outcome was communicated to the project manager by the client’s engineer. 
The constructor decided to use precast concrete panels, manufactured off-site, for the walls. 
To avoid on-site modifications to panels, in case the location of openings was incorrect or 
changes were made during construction, the constructor decided to cut the openings into the 
concrete panels at a later stage on-site. The interaction network expanded during this 
decision-making scenario and involved the constructor, constructor’s engineer and concreter 
(subcontractor). The constructor was central in the information exchanges during the 
decision-making and maintained frequent interaction with the client’s engineer and 
constructor’s engineer. The concreter and project manager were informed by the constructor, 
while the client received information from the client’s engineer. Nevertheless, nominating a 
2.2m height for the panels caused some issues where the doors were located. The 2m height 
of the doors left only 200mm of concrete above the cuts and weakened the panels. Thus, 
cracks often developed around the openings during installation of panels and door fixtures. 
This created extra work for the workers to fix the cracks.  
In addition, some late changes were requested by the client due to operational reasons. In 
particular, the client decided to pack the products in the facility. As the client’s representative 
explained: 
We worked with the operational people in this region who would be running the store 
ultimately. You know, we looked at things like the cost of either option and looked at 
which would work better. Once the decision was made to pack on-site that was a key 
decision that was made at a more strategic level, … I guess there’s some modelling 
work that was done early on around the different modes of operation and not just for 
this site but for all the sites around the country and how we move product around and 
that type of things, where we want to put stores. So that work was ongoing and at 
some point, that decision was made that we would pack on-site. So then we needed to 
sit down and make that decision about whether we packed inside or out. So we 
worked with the operational guys around that, particularly the regional logistics 
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manager who … has been there for a number of years and they pack inside. And so 
they are pretty happy with the way that works. And to add a bit of experience to that 
we … talked to them about how this operates, the outside packing and did that 
evaluation and determined that we should do it inside. 
This decision, however, impacted the construction process, which was ongoing at the time, 
and resulted in some changes to sizes and locations of the openings, and a new section also 
needed to be added to the building. In addition, some late changes to the control room area 
were required to accommodate more staff for future operations, as explained by the client’s 
representative: 
One of the things that we did change actually was this control room. We extended that 
by six metres because we realised that the way it had been designed was going to be 
very tight for the staffing that we had and the staffing we were going to ultimately 
have with stage 2. This was designed or this was intended to be for stage 1 and 2. We 
weren’t going to get another office area with stage 2, we found. And I’m not sure 
whether … operations people were completely aware of that but once that became 
apparent then we did the numbers around the staffing and by that stage worked 
through how many people we were going to have and how many we were then going 
to take on for stage 2. We realised it was going to be too small so we had a lot of 
discussion around that with the project people and the people who held the purse 
strings but ultimately decided and agreed to build another six metres onto that. So 
that was a change after the tender and reasonably later on in the piece. By the time 
we did it we’d actually built that wall and had to pull it down again …  So there was a 
bit of change that had to be made to the cladding in order to accommodate that 
extension. 
To make the changes, the workers needed to remove already installed panels and crane them 
to a bed of polystyrene and use heavy machinery to make the alterations. The decision to 
make the late changes was initiated by the client and communicated to the engineer and 
constructor. At the same time, deciding about the way the changes were made on-site was 
underpinned by direct and frequent information exchanges between the client, client’s 
engineer and constructor. The project manager only received information from these 
participants. In addition, the constructor’s engineer and the concreter were involved in the 
interactions through the constructor, although less frequently. 
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It was decided to use steel sheets for roof cladding. In addition, the client required clear 
panelling to be included in the roof cladding to use natural daylight. To achieve this, the roof 
design included a number of fibreglass panels installed at regular intervals along the roof. 
The decision was originally made by the client and client’s engineer who interacted with each 
other. The requirements were then communicated to the constructor through the tender 
specifications. 
The addition of clear panelling to the roof slowed down installation of roof cladding and 
increased the amount of work. Open sections were created in roof cladding to install the 
fiberglass panels. This was done by installing the roof cladding first and leaving gaps where 
the fibreglass panels were to be installed. Thus, the workers did not need to remove any 
cladding to install the fiberglass panels and adjustments were possible if the panels were 
slightly different in size. This approach was considered to be quicker and involve less work at 
height and manual handling. The maximum length of the sheets was determined to be 19m 
with consideration of transportation requirements, cost and constructability (weight of sheets 
that could be handled by workers on the roof and the span they covered). The interaction 
network at this stage expanded to include the constructor, constructor’s engineer and the 
project manager. The client was central in sending information, while the constructor and 
constructor’s engineer were only receiving information. The frequency of the interactions 
was low (occasional).  
Strong wind in the area was identified as an issue as it could move the steel cladding, 
particularly when the workers were lifting them and laying them on the roof. So, the workers 
needed to install the cladding quickly to reduce the chance of the sheets being blown away. 
To protect the workers from falling through the gaps, safety mesh was installed under the 
roof cladding. The mesh was left in place after construction to provide access to the ceiling 
for future maintenance. 
The size of purlins and their distance from each other were specified based on the roof 
cladding material. Originally, the client’s engineer provided a range of options to the 
constructor and the client for size and distance of purlins. The constructor, in consultation 
with the client’s engineer and the constructor’s engineer, selected 1.4m as the maximum 
distance of the purlins from each other. The roofer was informed about the decision. Apart 
from structural considerations (e.g., snow load), limiting the distance to 1.4m reduced the risk 
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that roof sheets might dent when workers were walking on the roof. The constructor was 
central during interactions at this stage.  
With consideration of seismic load and wind load, bracing details were decided by the 
constructor and constructor’s engineer during interactions with the client’s engineer. The 
roofer was informed by the constructor about the outcome. After peer review of the design by 
an independent (checking) engineer, changes were required to profile size and number of 
bracing members and their connections. The required changes were communicated to the 
constructor by the checking engineer and were subsequently made by the constructor’s 
engineer. The client’s engineer and the roofer were informed about the design changes by the 
constructor. The bracing members were installed using elevated platforms and scissor lifts. 
The late design changes made by the client during the construction stage, due to operational 
reasons, also affected the roof cladding. Increasing the building footprint (to include a 
packaging area) resulted in installing additional roof cladding and purlins to cover the 
extended area. A number of purlins also needed to be relocated to accommodate changes to 
door locations and sizes. The changes were discussed forming a well-connected network of 
interactions between the client, client’s engineer, constructor and project manager. The 
constructor’s engineer and roofer were involved in the interactions through the constructor. 
Figure 4.4 indicates the interdependencies between the decisions made during the design 
process. Each rectangle denotes a decision. A decision ID was assigned to each decision. The 
decision ID is provided inside each rectangle at the top. Different numbers refer to different 
decisions and letters after the numbers (that is, a, b) denote revisions to the same decision 
(e.g., 2a and 2b denote original and revised decisions respectively in relation to Concrete 
Panels). The decision name and the decision outcome (selected option) are provided under 
the decision number in each rectangle (see the legend in Figure 4.4). Rectangles with a 
dashed line indicate that the decision was made at construction stage. Links in the decision 
network indicate logical and/or information dependencies between decisions. 
As Figure 4.4 indicates, following development of the generic design (based on logistics and 
operations requirements), and the decision about building usage and footprint, the decision 
was made about wall cladding details (decision D01). It was decided to use 2.2m concrete 
panels and clad the rest of the wall height using steel sheets. Subsequently, the decision was 
made to manufacture the concrete panels off-site (D02 a) while cutting the openings into the 
panels on-site. However, after cutting the door openings, approximately 200mm of concrete 
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was left on top of the panels. This weakened the panels and cracks often developed at these 
locations; thus, the decision was made to make on-site alterations and repair work on-site. In 
addition, due to late design changes by the client (e.g., to door locations) and the extension of 
the building footprint (adding a packaging area), it was necessary to remove a number of 
panels and make further alterations to them (D02 b). It was decided to use the same external 
cladding details for the new packaging area (D22 b).  
For the roof cladding, steel sheets with fibreglass panels (as skylights) were to be used, as 
specified in the tender specifications (D03 a). The length of the steel sheets was specified to 
be 19m maximum, with consideration of transportation, cost and constructability (weight and 
size to be handled by workers at roof level) factors (D03 b). Additional roof cladding was 
required to be installed to the packaging area following the decision to extend the building 
(D21 b). Options for size and distance of purlins were also provided to the constructor by the 
engineer based on generic specifications for the roof cladding (D04 a). Details for the roof 
purlins were finalised with consideration of roof cladding material, snow load and safety of 
workers on the roof (D04 b). Late design changes resulted in relocating a number of purlins 
to accommodate door changes (D04 c). 
Bracing of the structure was a required to resist lateral forces (wind and seismic loads). 
Details of the bracing were developed by the engineer with consideration of the type of the 
steel frame, lateral loads and cost (D05 a). Subsequent review of the design by an 
independent engineer (D09 a) resulted in changes to connection details and strengthening the 
bracing (D05 b). 
Considering the interdependencies between the decisions, the decision to add the packaging 
area to the building, which was made during the construction stage, triggered other changes 
to the wall cladding and roof cladding. These changes were considered to create negative 
effects as they resulted in further work (or re-work), and alterations at construction stage 
which was not planned before. 
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Figure 4.4: The decision network for the roof and wall cladding in a manufacturing facility 
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The following Table 4.5 includes the key design decisions in this case. The table includes the description for each decision-making scenario and 
the interaction pattern that underpinned the decision-making. 
Table 4.5: The interactions underpinning a number of key decisions 
ID Decision Participants and information exchanges Pattern of interaction during decision-making 
D01 Wall cladding 
Details of wall cladding were specified based on 
the generic design and with consideration of 
health regulatory requirements, ease of cleaning 
and maintenance, and aesthetics. It was decided 
to use a combination of concrete panels, up to 
2.2m height, and Bondek. Concrete was believed 
to be easier to clean than steel sheets. Openings 
were to be vermin-proof. 
The decision-making involved frequent and two-way 
interactions between the client and client’s engineer (who 
reviewed the design of other stores to identify good 
design aspects from and operations perspective and then 
developed a generic design). The health regulator 
enforced regulatory requirements through one-way and 
occasional interaction with the client who then informed 
the engineer about the requirements. The decision 
outcome (wall cladding specifications) was then 
communicated to the project manager by the engineer. 
The network involves only four participants with only one 
strong tie. The network density is low. 
 
D02a Concrete panel 
It was decided to manufacture the wall concrete 
panels off-site. The openings (for doors, services, 
etc.) were to be cut into the panels on-site to 
ensure accuracy. 
The constructor was central during the interactions. 
Information was exchanged frequently between the 
constructor and the client’s engineer and constructor’s 
engineer. The majority of the interactions between the 
participants was through the constructor who acted as a 
broker connecting other partcipants to each other and 
bridging the communication gaps between them. Thus, 
the main decision participants were the constructor and 
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the engineers. The client, project manager and concreter 
(subcontractor) were only informed occasionally about 
the decision and had low involvement in the interactions.  
D02b Concrete panel 
The decision was made to make alterations to 
concrete panels on-site. Alterations were 
required due to the client’s late changes to the 
design at construction stage. The main changes 
were to extend the building to add a packaging 
area, and to increase the Control Room area. 
These changes were made due to operational 
requirements. The late design changes resulted in 
variations to size and location of doors and 
openings which were already cut into the panels. 
Thus, a number of panels needed to be removed 
and altered on-site and reinstalled. In addition, 
when cutting door openings into the panels and 
installing door fixtures, cracks often developed 
around the door openings as the concrete panels 
were weak at these areas (only 200mm concrete 
left on top of the doors). The cracks needed to be 
fixed on-site. 
The constructor was central during the communication on 
this decision. In addition, a well-connected network of 
relatively strong ties was formed between the constructor, 
client, client’s engineer and project manager. The 
constructor acted as a broker by connecting the 
constructor’s engineer and concreter to the rest of the 
participants. Nevertheless, involvement of the 
subcontractor (concreter) and the constructor’s engineer 
in information exchanges was low, as these two 
participants mainly received information from the 
constructor and only  occasionally sent information. The 
network pattern suggests a high level of involvement in 
the interactions for the demand stakeholders, and a low 
level for the subcontractor.  
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D03a Roof cladding 
The type of roof cladding was specified in the 
generic design (following the design review of 
the client’s other facilities). Coloured steel sheets 
were specified as roof cladding. In addition, 
skylights were required in the roof cladding to 
enable use of daylight during operation of the 
facility. 
The roof cladding type and requirements were specified 
by the client and the client’s engineer. Two-way and 
relatively frequent information exchanges took place 
between these two partcicipant during the decision-
making.  
 
D03b Roof cladding 
Based on the specifications for the roof cladding, 
it was decided to use steel sheeting with deep 
profile. The maximum length of the sheets was 
specified to be19m. The decision was made with 
consideration of transportation requirements, and 
particularly to reduce the cost (by using only two 
pilot cars rather than three during transportation), 
as well as workers’ ability to handle and install 
the sheets at roof level on a windy day. In 
addition, fibreglass panels were used for 
skylights. 
The interaction network during this decision comprised 
weak and one-way ties, indicating a low frequency of 
information exchange between participants. 
Consequently, the network density was low. The client 
was the most active participant in sending information, 
while the constructor was the most central participant in 
terms of receiving information. The subcontractors and 
suppliers were not involved in the interactions. The 
constructor’s engineer only received information 
occasionally from the client. The pattern suggests the 
demand stakeholders were the influential particpants 
during the decision-making, and the construction-side 
participants were mainly informed about the requirements 
and outcomes. 
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D04c Purlins 
Originally, the size and distance of the purlins 
from each other were determined with 
consideration of roof cladding material, snow 
load and workers’ safety (to be able to walk on 
the roof without damaging the sheets and falling 
down) while working on the roof. Due to the 
client’s decision to add a packaging area to the 
building, which resulted in changes to the size 
and location of the doors, a number of purlins 
needed to be relocated to accommodate door 
changes. 
The interaction network during this decision-making 
scenario includes relatively strong ties between the 
constructor, client and client’s engineer. The client and 
the client’s engineer were the initiators of the design 
changes and the constructor interacted with them 
frequently to accommodate the changes in the 
construction process which was already underway. The 
triangular patern of ties between these three participants 
suggets the collaborative nature of information exchanges 
and negotiations that these participants went through to 
make the changes. The constructor’s engineer provided 
technical advice to the constructor and made design 
alterations during this time, as indicated by the two-way 
tie between them. The project manager and the roofer 
(subcontractor) were not influential in the decision-
making and were only informed about the final solution 
to execute the changes on-site. 
 
D05b Bracing 
Bracing of the structure was required due to the 
type of the frame and the lateral loads in the area 
(seismic and wind). In order to apply for a 
building permit, the building design was 
reviewed by an independent engineer. 
Subsequent to the review, additional cross 
bracing and stiffeners were required and 
One-way and occasional information exchanges occurred 
between the constructor and other participants, including 
the client’s engineer, constructor’s engineer, checking 
engineer and roofer. The checking engineer informed the 
constructor about the changes to the bracing details. The 
constructor communicated these required changes to the 
client’s engineer and constructor’s engineer to make the 
design changes. Subsequently the subcontractor was 
informed about the bracing details to be constructed on-
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connections details were changed to improve the 
rigidity of the structure. 
site. Thus, the constructor was the only point of contact 
between the other participants and both facilitated and 
controlled the flow of information in the network. 
Nevertheless, the network involved a very low frequency 
of information exchanges. Moreover, the pattern of 
exchange was hierarchical rather than collaborative. 
D21a Roof cladding 
Based on the design details for the roof cladding, 
it was decided to install steel sheeting first and 
leave openings and install fibreglass sheeting to 
Dry Store and ELA area later. This approach was 
considered quicker and involving less cutting and 
work and manual handling than laying the sheets 
and cutting openings at the locations of the 
skylights on the roof to install the panels. 
However, the constructor had experienced on 
other jobs that the fiberglass panels were 
normally slightly different in dimensions thus 
adjustment works were still required on the roof 
during the installation of skylights. 
Weak and one-way interaction ties, which indicate 
occasional information exchanges between the 
participants, made up the newtork. Moreover, the network 
pattern suggest a hierarchical information exchange, 
where the client and client’s engineer send information 
and instructions to the constructor who then instructed the 
roofer (subcontractor) about the details of the 
construction process. 
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D21b Roof cladding 
Subsequent to the client’s decision to add the 
packaging area to the building, the details of the 
cladding to cover this area was specified and the 
cost was estimated. It was decided to use the 
same roof cladding material as the main building 
and install additional steel sheeting to the 
packaging area. 
Direct interactions ties between the constructor, client, 
client’s engineer and project manager reflects 
colaborative information exchanges between these 
participants. The constructor proposed to use the same 
cladding material and details as the main building to 
cover the packaging area. In addition, the constructor 
estimitated the associated costs. The demand stakeholders 
were informed by the constructor and subsequently the 
details and the cost were approved. The constructor’s 
engineer provided technical support to the constructor 
during the decision-making. The roofer was informed 
about the final decision. The information exchanges 
between the demand stakeholders, the engineer and the 
roofer was through the constructor. 
 
D22a External cladding 
Based on the wall cladding details, it was 
decided to clad the Dry Store and Environmental 
Loading Area (ELA). 
The interaction network pattern indicates occasional 
information exchanges between the participants. It 
suggests a hierarchical information exchange, where the 
client and client’s engineer send information about the 
cladding specifications to the constructor who then 
instructed the roofer (subcontractor) about the details of 
the construction process. 
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D22b External cladding 
As a result of the client’s decision to add the 
packaging area to the building, changes needed 
to be made to the wall cladding in some areas to 
change opening locations and sizes. It was also 
decided to use the same cladding details to clad 
the packaging area. Additional concrete panels 
needed to be ordered for this purpose. 
A relatively well-connected interaction network between 
the constructor, client, client’s engineer and project 
manager reflects colaborative information exchanges 
between these participants. The client, client’s engineer 
and constructor were the influential decision-makers in 
this scenario. The project manager only received 
information from these participants. The constructor’s 
engineer provided technical support to the constructor 
during the decision-making. The roofer was informed 
about the final decision. The information exchanges 
between the demand stakeholders, engineer and roofer 
was through the constructor. 
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For the interaction patterns that underpinned the key decisions in this case, different groups 
of decisions were identified: 
• The type of wall and roof cladding (D01 and D03a) was specified by the client’s team 
with influence from the health regulator. The interactions during these decisions were 
mainly between the client and client’s engineer. 
• Detailed decisions about structural design and installation methodology (D02a, D03b, 
D04b, D05b, D21a and D22a) were underpinned by centralised interaction patterns with a 
highly central position for the constructor. Furthermore, a closed pattern of interaction 
between the constructor and client’s team was formed during a number of these decisions. 
• During the revisions as a result of the client’s change to design (D02b, D04c, D21b and 
D22b), the constructor was central and acted as a broker facilitating the interactions 
(providing the only point of contact) between the client’s team, constructor’s engineer 
and subcontractors (in some decisions). While the interaction pattern within the client’s 
team was non-centralised and collaborative, a centralised interaction pattern was formed 
within the construction participants during each decision. 
Overall, the client’s team was involved (and was influential) in the interactions during all the 
key decisions and influenced the decision outcomes. In addition, a generally medium (3 and 
below) frequency of information exchange existed between the participants when making key 
decisions. As the evidence suggests, the constructors’ involvement in decision-making was 
mostly reactive and in response to the client’s (and health regulator’s) rigid requirements and 
changes. Even decisions such as off-site manufacture of concrete panels (D02a), which were 
made with the constructor’s intention to improve constructability and WHS, did not achieve 
positive outcomes because of the client’s subsequent design changes which required on-site 
alterations to panels and rework. 
 
4.3.3 WHS outcomes 
The main hazards in this case were associated with working at height, manual handling, 
repetitive motions, and moving heavy loads and objects. Late decisions by the client to add a 
packaging area to the building, which was made during the construction stage, caused extra 
work and increased workers’ exposure to hazards. 
Chapter 4 – Individual case description and analysis  
180 
 
Workers who were installing the roof cladding were exposed to “fall to a lower level” hazard. 
This exposure was addressed by using harnesses (PPE) and installing a safety net 
(engineering control). In addition, workers needed to lift and carry steel sheets and lay them 
on the roof during the installation process. Strong winds in the area made the situation worse, 
since workers tended to work with large pieces of steel sheet to make the installation process 
quicker. This process also exposed workers to hazards associated with manual handling and 
bending (to lay and fix the sheets).  
To improve continuity of work and material handling, it was decided to lay the steel sheets 
first and leave gaps where the fibreglass sheeting was to be installed. This approach was 
considered to be quicker, and involve less work at height and manual handling, than cutting 
the openings and removing sheets for the skylights on the roof. In addition, if the steel sheets 
were to be removed later to create gaps for the skylights, it would also be difficult for 
workers to distinguish which sheets were secured in place and which sheets were only tacked 
in position, creating a false sense of a secure walking platform. However, this approach 
increased the adjustment work required on the roof as sometimes the fibreglass panels 
slightly differed in dimensions and did not fit the gaps.  
The decision to use precast concrete panels for wall cladding eliminated the hazards in 
relation to mixing and pouring concrete on-site, but installing the concrete panels exposed 
workers to hazards associated with moving and placing heavy objects. Cutting the openings 
into the panels exposed them to ergonomic hazards, overexertion, and hazards associated 
with bending, twisting and repetitive motions. These hazards were mainly controlled by 
administrative controls such as training workers, job rotation, and developing Safe Work 
Method Statements (SWMS). 
The late design changes, made by the client, increased the amount of rework and exposure to 
manual handling and ergonomic hazards, as alterations to the concrete panels, steel sheets 
and purlins were required. Since some of these elements had already been installed, they 
needed to be removed and altered on-site.
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The following Table 4.6 provides a detailed assessment of the effectiveness of WHS controls implemented in this case study. The assessment of 
WHS hazard controls was based on the Hierarchy of Control (HOC) concept explained in section 3.8.1 in Chapter 3. Overall, the assessment 
indicated a high reliance on low-level behavioural hazard controls (PPE & administrative) during the construction process. In addition, the 
rework and alterations required as a result of late design changes increased workers exposure to hazards (indicated in the last row). 
Table 4.6: Assessment of WHS hazard controls for installing the roof and wall cladding 
Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Access to the roof General Falls to lower level Using ladders and PPE PPE 1 
2.37 
Installation of roof 
cladding 
Installation of roof 
panels/sheets on roof 
structure 
Falls to lower level Installing safety mesh around the roof 
Engineering 
Control 
3 
Installation of roof 
cladding and purlins 
Cutting, carrying and laying 
roof sheets 
Manual handling, 
overexertion, bending, 
reaching, twisting, climbing, 
stepping 
Training, developing work procedures, 
task rotation, laying sheets early in the 
day when the wind is less strong 
Administrative 2 
Installation of skylights 
on the roof 
Cutting roof cladding, 
adjustment work during 
installation of fiberglass 
sheet panels in open sections 
of roof 
Overexertion, bending, 
crawling, reaching, twisting, 
climbing, stepping 
Changing work sequence, laying roof 
cladding and cutting openings on the 
roof later, based on the fibreglass panel 
sizes, to install skylights and avoid 
rework, and adjustment due to 
differences in the size and thickness of 
fibreglass panels 
Administrative 2 
Installation of skylights 
on the roof 
Cutting roof cladding on the 
roof, installation of fiberglass 
Fall, slip, trip Installing safety mesh around and 
underneath the roof 
Engineering 
Control 
3 
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Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
sheet panels in open sections 
of roof at height 
Installing wall cladding Casting concrete panels 
Manual handling, 
overexertion and bodily 
reaction 
Precast concrete panels 
Substitution 4 
Struck by object or 
equipment 
Cutting the opening into 
wall panels 
Fixing cracks around 
openings 
Overexertion and bodily 
reaction 
Training, job rotation, developing 
work procedures 
Administrative 2 
Changing the location of 
openings and services on 
concrete panels 
Cutting through concrete 
panels to change the location 
of openings and services 
Repetitive motions Using heavy machinery for lifting and 
cutting, job rotation Administrative 2 Struck by objects or 
equipment 
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4.3.4 Overall interaction and decision-involvement patterns and measures 
The overall pattern of interaction between participants during the design decision-making is 
presented in Figure 4.5. The ties values in this network reflect the average frequency of 
information exchanges between participants over the decision-making process. The binary 
density for this network is 24% indicating a quite low level of connectivity between the 
nodes, as only 24% of the potential information exchange ties were reflected in actual 
interactions between the participants. In addition, the average value of existing ties is 0.6, the 
maximum tie strength is 1.4 and only 5 ties (i.e., 22% of the present ties) have a tie value 
above 1 (maximum possible tie value in this network is 5). These measures suggest the 
network comprises mostly weak ties; therefore, a low frequency of information exchange 
took place between the participants. Strong ties exist between a few participants (i.e., the 
constructor, client’s engineer and constructor’s engineer), while the subcontractors’ (roofer 
and concreter) involvement in the interaction activities were low. 
The values for network centralisation are 0.72 for out-degree centralisation and 0.47 for in-
degree centralisation. The high out-degree centralisation value indicates that a few 
participants in the network were more active in sending information ties to others than the 
rest of the participants; thus, information dissemination was highly centralised in the network. 
Considering the pattern of ties in Figure 4.5, the constructor, client and client’s engineer were 
the central sources of information in the network. 
Regarding individual nodes in the network, the average degree centrality is 2.2 indicating that 
on average, the participants were involved in 2 interaction ties with others. The constructor 
was the most active participant in both sending information with sending 8 ties to other and 
receiving 6 ties from others. The client was the second most central participant, with both in-
degree and out-degree centrality values of 3, followed by the client’s engineer whose out-
degree and in-degree centrality values were 3 and 2 respectively. 
Overall, the distribution of network ties indicates the participants were structured in small 
groups, with special interests, during the interactions. This is evident by the triangular 
configurations (indicative of a tendency for closure within each group) which formed around 
the constructor. The most active group (identified by the relatively strong ties between the 
group members) consisted of the client, client’s engineer, project manager and constructor. 
These participants were mainly concerned with performance, end-use needs and 
specifications of the facility, and formulated the project requirements including the generic 
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concept design based on the review of other similar facilities. The second group included the 
building surveyor and checking engineer who were mainly concerned with building 
regulatory requirements and design review to obtain building permit. As a result, their 
involvement in the interactions is very low, occasional and only limited to review activities. 
The third group included the constructor, constructor’s engineer and subcontractors 
(concreter and roofer). These participants were responsible for developing the detailed design 
and undertaking the construction works. Within this group, relatively frequent and two-way 
interaction between the constructor and constructor’s engineer indicate these two participants 
were active in negotiating and making design decisions, while weak and mostly one-way ties 
to subcontractors (e.g., roofer is only receiving information) reflect that these participants had 
low involvement in shaping design decisions and were mainly involved in implementing the 
decisions and undertaking the construction activities. Furthermore, the network pattern 
indicates the constructor was the sole point of contact between these groups, thus acting as a 
broker by both bridging the communication gaps between the groups and controlling the 
information exchanges between the components. 
 
Figure 4.5: The overall pattern of interaction during the design decision-making process 
The network in Figure 4.6 shows the involvement of project participants in making each 
design decision.  
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Figure 4.6: The overall pattern of involvement in the design decision-making process 
The average number for participants’ involvement in making decisions was nearly 4 
participants (the average degree centrality for decisions is 4.47). Decisions about the addition 
of a packaging area to the facility (D00b), off-site manufacturing of concrete panels (D02a), 
on-site alterations to concrete panels (D02b), relocation of purlins to accommodate door 
changes (D04c), installing additional steel sheets to packaging are (D21b) and external 
cladding of packaging area (D22b), each involved 6 participants, which is the highest level of 
involvement in comparison to other decisions in this case. These decisions, except D02a, 
were in relation to the client’s late decision to pack products on-site and add the packaging 
area to the facility. These decisions were made after the beginning of the construction process 
and required changes to both design and construction features not previously planned for. 
On average, the project participants were involved in nearly 8 decisions (the average degree 
centrality for participants is 8.5). The client’s engineer had the highest involvement in 
decision-making, having decision-making power in all decisions, followed by the constructor 
(17 decisions), client (14 decisions) and constructor’s engineer (11 decisions). However, the 
subcontractors’ involvement in decision-making was low. The roofer was involved in 8 
decisions and the concreter was involved in only 4 decisions. The majority of these decisions 
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were made as a consequence of design changes during the construction stage and involved 
altering already constructed elements or adding new elements. Thus, these decisions mostly 
led to extra work (not originally planned for) and increased workers’ exposure to construction 
hazards. 
 
4.3.5 Multilevel network analysis 
The parameter estimates for ERGMs are presented in Table 4.7. In model 1, all information 
exchanges between participants were included, while model 2 only included information 
exchanges which were important (importance score was above 2) for making decisions. The 
models comprised both interaction-level (micro-level) effects and cross-level effects. In both 
models, parameter estimates converged. Moreover, the goodness-of-fit check showed that 
both models were capable of reproducing the properties of the observed network well. In both 
models, the absolute values for goodness-of-fit ratios were well below suggested thresholds: 
that is, ratios were less than 0.1 for fitted effects and less than 1.5 for unfitted effects. The 
statistically significant estimates in Table 4.7 are marked with a * and indicate the associated 
configurations were observed more than anticipated (if the parameter value had been 0), 
given the other effects included in the model. 
Table 4.7: Parameter estimates for the ERGMs 
Effects Model 1 Model 2 
Interaction-level effects   
Arc -5.3467 (2.536)* -5.4836 (2.626)* 
Reciprocity 6.415 (4.146) 5.5486 (4.309) 
Two-path [TwoPath] -3.5589 (1.432)* -4.5297 (2.13)* 
Popularity spread [AinS] -1.1468 (1.41) -0.8139 (1.626) 
Activity spread [AoutS] -0.3876 (1.195) 0.1829 (1.387) 
Transitive closure [AT-T] 2.3221 (0.977)* 1.4897 (1.132) 
Cyclic closure [AT-C] -1.1897 (0.759) -0.4342 (0.875) 
Multiple connectivity [A2P-T] 4.0471 (1.431)* 4.9861 (2.129)* 
Cross-level effects   
Cross-level edge [XEdge] -4.2607 (3.775) -3.9753 (3.577) 
Cross-level 3-star connectivity [XStar3A]   -0.0746 (0.095) -0.0651 (0.09) 
Cross-level 3-star connectivity [XStar3B] 0.016 (0.007)* 0.0161 (0.006)* 
Cross-level connectivity spread [XASA] 0.6026 (2.083) 0.603 (1.956) 
Cross-level connectivity spread [XASB] 0.6412 (0.74) 0.5396 (0.79) 
Affiliation-based closure arc [TXAXarc] 0.323 (0.42) 0.3865 (0.422) 
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Alternative affiliation-based closure arc [ATXAXarc] 0.6995 (1.734) 0.7519 (1.721) 
Affiliation-based closure arc [TXBXarc] 0.2098 (0.266) 0.203 (0.286) 
Affiliation-based closure reciprocity [TXBXreciprocity] 0.045 (0.241) 0.0655 (0.304) 
Alternative affiliation-based closure arc [ATXBXarc] 1.5277 (1.452) 1.2766 (1.541) 
Alternative affiliation-based closure reciprocity [ATXBXreciprocity] -2.9035 (2.647) -2.6907 (2.838) 
Cross-level alignment entrainment [C4AXBentrainment] 0.0529 (0.057) 0.03 (0.062) 
Cross-level alignment reciprocity [C4AXBreciprocity] -1.0417 (0.676) -0.9753 (0.582) 
* Indicates significant estimate. 
Standard errors are provided in brackets. 
Network A is decision-level (macro-level) network. Network B is interaction-level (micro-level) network. 
The arc parameter is equivalent to the intercept in a linear regression and usually it is not 
interpreted (Lusher & Robins, 2013b). The significant and negative estimate for two-path 
configuration indicates this configuration is unlikely in both model 1 and model 2. This result 
suggests lack of correlation between in-degree and out-degree centrality for participants in 
the interaction network, both when considering all the information exchanges (model 1) and 
important information exchanges (model 2). Thus, there is a lack of balance between sending 
and receiving information by the participants, and some participants may be more active in 
interactions by sending information to more participants than receiving from others, while 
some participants may receive more information from others and send less information to 
others. 
The significant and positive transitive closure estimate in model 1 reflects that, when 
considering all the information exchanges, there is a tendency for participants who 
communicate through several others (i.e., send information to and receive information from 
same others) to directly interact. In other words, there is a tendency to shorten the 
communication paths when several indirect paths (through several intermediary participants) 
exist between two participants. However, this is not the case when only important 
information exchanges are considered. 
The multiple connectivity parameter estimates were significant and positive in both model 1 
and model 2, indicating open two-path configurations were likely when considering overall 
interactions as well as important interactions. In other words, there was a tendency for the 
participants, above and beyond the other effects including path closure, to exchange 
information through others. This tendency was significant in all interactions as well as 
important interactions. When this effect is interpreted together with the significant transitive 
closure (explained above), it can be concluded that while the participants tended to exchange 
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important information indirectly (multiple connectivity is a significant effect in model 2 but 
transitive closure is not), the general interaction (in model 1 which included both important 
and non-important information) tended to occur both directly and through others. Put 
differently, while the participants were likely to engage in direct interactions with others to 
expedite the exchange of general information, they were not likely to do this with important 
information. As model 2 indicates, there was a tendency for indirect exchange of important 
information through open two-paths, thus increasing the length of interaction paths through 
involving intermediary participants in the information exchanges. 
Regarding the cross-level configurations, the only significant effect is the cross-level 3-star 
connectivity (XStar3B). This configuration is a lower-order form of the cross-level 
connectivity spread (XASB) configuration. A positive and significant estimate for this effect 
indicates a high tendency for the involvement of some participants in multiple cross-level 
ties. In other words, a number of participants tended to be involved in making decisions more 
than others and to influence the outcomes of several decisions. This result was also indicated 
in the previous sections. 
The non-significant effects for all the affiliation-based closures reflect that two participants’ 
involvement in the same decisions, or in technically related decisions, did not create a 
tendency for them to engage in more (or less) interaction with each other. Similarly, the non-
significant effects for the cross-level alignment indicate no particular alignment between the 
decision interdependencies and the participants’ interaction pattern. In particular, two 
participants’ involvement in separate but technically related decisions did not encourage them 
to interact directly, or discourage them from interacting directly. 
 
4.3.6 Findings from case study B 
Different aspects of decision-making and associated social interactions in this case were 
analysed. Combining the analyses, results and viewpoints, a number of characteristics were 
identified. 
There was a strong focus on operations and end-use features of the facility rather than the 
construction process. The generic design, which was developed by the client’s engineer and 
formed the concept design, was predominantly developed with consideration of end-use and 
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operations requirements. This is evident from the comment made by client’s engineer about 
the process of reviewing other facilities. He stated as part of his explanation that: 
… I didn’t talk to the designers at all, although I had the drawings so I could actually 
see the technical details. But no, I went along as the structural engineer and the 
designer talking to the people who operate the stores. 
The high emphasis on end-use requirements and detailed specifications, which were 
developed based on operational as well as the regulatory requirements (e.g., details for wall 
cladding and roof cladding), left little flexibility in decision-making about the construction 
process. As a result, there was little room to improve constructability (and WHS) as part of 
the design process, as materials, component details and specifications had mostly been fixed 
in the concept design. An example is the 2.2 m height of the concrete panels which created 
issues around openings and door fixtures (i.e., only 200 mm concrete was left on top of the 
door openings making these areas susceptible to cracking, and extra work was required to fix 
the cracks). 
Late and ongoing changes by the client created extra work and negatively impacted WHS. 
These changes were the consequence of the client’s decision to modify the plan of the facility 
by adding packaging and loading areas. This decision was made when the construction 
process was underway and some elements had already been constructed. Regarding changes 
based on operations requirements, the project manager commented: 
You know, it fits right into this whole issue when I first started out: ‘We won’t be loading 
containers.’  ‘Ah, yes you will.’  And I think for a very short period of time [the client 
specified] 20 foot containers. And then it very quickly went to 40 foots. And then they 
were going to use a particular style of forklift to lift them. And we were working on that. 
And then they said, ‘No, no, we’ve changed our mind … Oh, that could actually reach 
across one set of tracks to another set of tracks.’ So there was ongoing changes from 
logistics about what they wanted. And part of the problem was they weren’t too sure. 
And they wanted to keep as many options open as possible. But sooner or later you've 
got to build something. 
Subsequently, changes were required to a number of wall concrete panels, roof sheets and 
purlins (decisions D02b, D04c, D21b and D22b). Consideration of the WHS assessment in 
Table 4.6 reveals that making these changes exposed workers (or prolonged their exposure) 
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to hazards associated with repetitive motions, overexertion, being struck by heavy objects and 
equipment, working at height, and manual handling. These hazards were predominantly 
controlled by administrative controls, except falling from height which was addressed with an 
engineering control (safety mesh). Moreover, consideration of the interaction patterns that 
underpinned each of these decisions (see Table 4.5) indicates the interaction patterns were 
hierarchical, with a dominant flow of instructions from the demand stakeholders to the 
subcontractors. That is, all the interaction networks underpinning these decisions included a 
well-connected component. This component involved the demand stakeholders, from whom 
the client and client’s engineer were highly active in sending information (and instructions). 
The constructor provided the connection point between the demand stakeholders and 
subcontractors. The subcontractors were only receiving information; thus, they were only 
implementing the instructions. In the same way, the data on decision-making power indicated 
subcontractors’ decision-making power was scored 0 or 1 across the design decisions, 
indicating very low power to influence the outcomes of these decisions, while the client’s 
decision-making power was scored 5. 
The interaction pattern during the design process indicates a generally low frequency of 
information exchange (prevalence of weak ties and low average tie strength) and low 
connectivity (low binary density). The interaction pattern was highly centralised, especially 
for information dissemination, as only a few participants were highly active in sending 
information and instructions to the rest of the participants. As the network pattern and the 
qualitative data revealed, the client, client’s engineer and constructor had the highest activity 
(and influence) during the interactions. However, the rest of the participants’ involvement in 
communication activity was low, as indicated by the low average degree centrality measures 
for the interaction network. The network pattern also indicated that participants tended to 
interact in small groups rather than communicating globally (within the network), with the 
constructor acting as a broker and connecting the small groups to each other. These small 
groups mainly included participants from the same tier of the supply chain; thus, there was a 
low diversity of participants in the small local groups.  
What is more, statistical analysis of the network indicated two-path and transitive multiple 
connectivity configurations were prevalent in the network which reflects a tendency towards 
forming long interaction paths (communication through others) as well as hierarchical 
information exchange activity (i.e., transitive multiple paths consisting of one sender, one 
receiver, and multiple intermediary participants as transmitters). The closure configuration, 
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which is normally an indicator of the tendency towards collaboration and direct interaction, 
was not significant for important information exchanges (in model 2). In the same way, the 
reciprocity configuration, which reflects a tendency towards two-way information exchange, 
was not a significant effect in any of the models. Overall, these results indicate the 
participants’ interactions during the design decision-making were hierarchical and lacked 
collaboration. 
The overall decision-involvement pattern suggests the client’s engineer and client were the 
main decision influencers, both in terms of the number of the decisions they were involved in 
and decision-making power. The constructor provided the connection between the client’s 
team and constructor’s engineer, subcontractors and checking engineers; thus, the constructor 
acted as a broker. This position enabled the constructor to exert some level of influence on 
information exchanges and decision-making during a number of decision-making scenarios: 
for example, to act as an influential participant when making the decision to manufacture 
concrete panels off-site. However, the constructor’s influence on shaping decision outcomes 
was not as strong as the client’s team. In fact, the data indicates the contractor’s highly 
central position in the interaction network was mainly the consequence of their involvement 
in transferring and distributing information from the client’s team to the rest of the 
participants, engaging subcontractors to implement the decisions, and providing feedback 
from engineers to the client’s team. This finding is also supported by the prevalence of two-
path and multiple connectivity configurations in the overall interaction network (as indicated 
by the statistical analysis of the network), suggesting there was a high tendency towards 
indirect interactions through intermediary participants. In addition, the subcontractors had 
low influence and input in the decision-making process; they mainly received information 
from the constructor and their maximum score for decision-making power was 1. 
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 Case C – Erection/installation of roof structure 
Summary of case C 
Case 
description 
The case involved design and installation of the roof structure for the storage facility of a 
manufacturing plant. The project was procured using a design and construct (D&C) approach. 
At early stage, the client engaged a consultant to review the design of client’s facilities in other 
locations to capture the best design features of the existing facilities. Based on this review, a 
generic design was developed with a strong focus on operations and end-use features of the 
facility, as well as health regulatory requirements. The generic design and project 
specifications were handed over to the constructor. 
 
The contractor suggested revisions to the roof design. It was decided to install trussed rafters 
connecting to the main spine trusses instead of using steel I beams. The trusses weighed less 
and were quicker and easier to install. All steel was manufactured off-site. Truss sections were 
transported to the site and bolted together at ground level, then lifted into position. All 
supporting columns were fitted with a bearing plate allowing trusses to be temporarily 
supported while connections at each end were bolted. In addition, the structure was designed 
so that erection could be done in self-supporting sections. These decisions greatly reduced the 
amount of on-site activities, especially working at height. It was also ensured that crane lifts 
were within safe limits. The large spine truss was manufactured in sections and transported to 
the site. Late changes by the client created extra work during construction. 
Key 
findings 
• A good level of WHS performance, with an average HOC score of 4.25, was assessed for 
this case. 
• Despite the emphasis on end-use and operational requirements which drove the concept 
design, the constructor was given authority to make decisions about details of the building 
design, as well as the construction process.  
• This enabled the constructor to input their construction expertise and past experience to 
the structural design process and consider the construction process. 
• Constructability and WHS considerations were an integral part of design decision-making.  
• The key design decisions were made predominantly by the constructor and constructor’s 
engineer, and the decision-making involved frequent and two-way communication 
between these participants. 
• During the design process, the constructor’s engineer was the main source of design 
knowledge engaged by the constructor to develop the detailed design. The constructor, on 
the other hand, was the main source of construction process expertise. As the data reveals, 
the frequent information exchanges between these two participants, from the beginning of 
the detailed design process, was beneficial in establishing collaboration between them and 
enabling these participants to combine their expertise during the design process. The result 
was improved constructability and WHS through consideration of construction process 
during the structure design. 
• The overall interaction pattern highlights the central role the constructor played during the 
design process. The constructor was the sole connection point between the client’s team, 
the designer and the subcontractor. Furthermore, data about the decision-making power of 
the participants indicated the constructor and constructor’s engineer were the most 
influential participants. Thus, the constructor’s central position in the interaction network 
was coupled with high influence and high decision-making power. 
• When responding to the design changes initiated by the client, the central role of the 
constructor and the involvement of participants from different supply chain tiers (i.e., 
client-side, designer and subcontractor) in the interactions were particularly noteworthy. 
• There was high involvement of the subcontractor (steel erectors) when making key design 
decisions. 
• The multilevel network reflected direct inclusion of relevant expertise in decision-making 
to influence decision-outcomes (evidenced by the significant affiliation-based closure 
effect). This was evidence for the match between participants’ expertise and decision 
dependencies. 
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4.4.1 Overview of case C 
This case study focuses on the design and installation of the roof structure for the storage 
facility of a manufacturing plant. The project involved construction of a new manufacturing 
plant and related storage facilities. The area of the greenfield site was around 12 hectares. 
The project cost was estimated to be over A$500m. The design and construction of the 
storage facility for the plant is considered in this study. The duration of the project was just 
over 18 months. At early stage of the project, the client engaged a consultant to review the 
design of client’s storage facilities in other locations in order to capture the best design 
features of the existing facilities. An emphasis was placed on end-user’s safety and product 
flow. The idea was to develop a generic design which could be used in future for constructing 
new facilities. The design and building layout were driven by the requirement to maximise 
storage capacity with safe and efficient product handling and access. The separation of staff 
and machinery was of particular importance. Based on these operational requirements, and 
through the review, a generic design was developed which formed the concept design in the 
tender documents. Information about general site conditions and risks was included in the 
tender package. The building area was 15,000 m2 and the storage capacity was 25,000 tonnes 
of product. The client selected a design and construct procurement approach for the project. 
Based on the review of other production facilities undertaken by the client’s engineer, a 
trussed roof structure was specified. Apart from the overall building plan and layout for the 
columns and main trusses, no other structural details and dimensions were provided in the 
concept design, allowing the constructor to develop the detailed structural design. 
 
4.4.2 The evolution of social interactions and the emergence of design decisions 
The concept design indicated three spine trusses along the building and beam rafters across 
the structure. The spine trusses were used instead of portal frames, common in traditional 
warehouses, to increase the length of clear spans between the columns, thus providing more 
usable area (by requiring fewer columns) in the building. 
The constructor made the decision to use trussed rafters rather than I beams. The trusses 
required more effort to be manufactured but they were lighter than I beams and could be 
installed quickly and easily. As the client’s engineer described: 
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… all of the tenderers came up with the same concept but the other two ended up with 
deep standard I beam rafters. These guys I think, and I agree with their concept, 
that’s how I would have designed it [laughs], came up with a trussed construction 
which is more economical I think, certainly in terms of material. Trusses cost a bit 
more to fabricate but they’re quite a lot lighter in terms of weight of steel, and that’s 
really what you’re paying for in the end. Plus, they’re, to me they’re a somewhat 
simpler structure to put together; everyone can see what a truss does. Yes, it gets back 
to the simplicity; keep it simple and people understand it, and that means they’ll do it 
very simply. 
While the decision to use trussed rafters was made with consideration of the concept design 
provided by the client’s engineer, the constructor had the preference, experience and 
competitive advantage of building trussed structures, as well as access to the resources to 
fabricate the trusses. As the constructor’s manager explained: 
… we’ve got quite a bend towards trusses, because we are now really competitive on 
those jobs, so that was really a good tick for us at the start, because we thought, oh, 
that’s going to be some advantage to us over maybe some other people who would be 
maybe wired more for the rafters to be U-beams rather than the trusses. So we only 
had to focus on the truss option because we knew there would be less tonnes of steel. 
It’s … more work to make them, but it normally works out quite a bit cheaper per – 
overall on the job. But a lot of customers don’t perceive, and some markets don’t 
perceive that they like trusses; others, they are blind to them, they don’t care. That 
building has actually turned out really well, they don’t look silly at all, it looks quite 
sensible, to my eyes anyway. 
During design of trusses, the constructor maintained frequent interactions with their design 
engineer to ensure cost and constructability parameters were taken into account. The steel 
members were manufactured off-site. The constructor preferred to minimise the welding 
required on-site, making the erection process quicker and cheaper and improving the quality. 
As the constructor’s manager stated: 
When I started, which was 34 or 35 years ago, we were pre-engineered steel building 
– people at that time doing farm buildings. So we basically always had to pretty much 
send them all that we could pre-do in a factory, or in a yard. That’s a heap cheaper 
for us because you got known conditions and you could control things better, and it’s 
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better than having guys out on sites, which costs us more money. So we got the – the 
more we can bulk rather than weld on-site – in fact, we hate welding anything on-site 
if we can avoid it. 
The decision to manufacture the steel members off-site also resulted in reducing WHS issues 
associated with on-site welding, such as ergonomic hazards and electrocution. 
The spine trusses were fabricated in sections. Each single span between two supporting 
columns was made up of three truss sections bolted together. This decision was made with 
consideration of safe transportation and constructability requirements. Transporting one large 
section of truss would require special highway patrols which could be costly. In addition, a 
large crane would be required to unload the trusses and move them on-site. Frequent 
interaction between the constructor and constructor’s engineer made it possible to consider 
constructability and transportation requirements when designing the spine trusses. The 
decision to divide each truss span into three sections also reduced WHS hazards associated 
with lifting and moving large elements and heavy loads. 
For each truss span, the three sections were bolted together at ground level. Rattle guns were 
used by the workers to reduce ergonomic issues associated with overexertion, turning and 
twisting when fastening the bolts. Due to the large size of the trusses (which was greater than 
2m), scissor lifts were used to access the connection points. The completed truss for each 
span was then lifted in position. Each complete truss span extended beyond the supporting 
columns to provide a temporary support for the next span. This approach made it easier to 
align the bolt holes and reduced the time workers needed to work at height. The contractor’s 
decision to design the truss sections so that it was constructed on the ground and lifted into 
position was based on previous experience, with the constructor noting: 
… we’ve been caught before, so we made sure that those splaying trusses, that we 
made sure that each [span], which is normally three pieces, that they – we bolted 
them together [on the ground] and they went past or to the column that it was next 
going to span. 
To improve constructability, bearing plates were attached to the columns. This allowed for 
temporary support of the trusses at height while they were being installed and connected to 
the steel columns. This design solution significantly reduced the amount of propping required 
to hold the structure in position during installation; thus, manual handling was reduced and 
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space freed up on-site. It also made installation and adjustment of connection holes at height 
much easier and quicker. In addition, there was no need to keep the trusses suspended at 
height for a long time using a crane. The constructor was the source of this design solution 
and frequent information exchanges between the constructor and engineer ensured the 
inclusion of this solution in the design of the columns. When asked about the erection 
process, the constructor’s engineer commented: 
So as an aid towards helping erection, [the constructor] put [some seating angles] off 
the columns so that when they craned [the trusses] down it would settle on there and 
then the bolts would line up and they could get the bolts in quickly. If you don’t have 
something to sit [the truss] on then the crane drops it down, but you’ve got to line up 
the bolt holes to within a millimetre to get the bolts in, and it’s pretty hard to operate 
the crane up and down to, you know, to get it dead right to within a millimetre. 
The client’s engineer expressed a similar positive view about this solution. He commented: 
[The constructor has] got quite a good, what I call a bearing type detail, so you can 
actually put the trusses up and have them take the gravity load away before you start 
trying to put the bolts in. And that’s one of the major concerns [on another similar 
project] is that we should have picked it up when we did the structural check, but of 
course we just checked the structure rather than checking the buildability. 
During the design process, some inconsistencies were identified between the design 
documents and the concept design in terms of the location of a few columns. Modifications to 
the design documentation were required which, in turn, resulted in some changes to the 
design of the trusses. In particular, the length of the trusses at one side of the building needed 
to be increased. The constructor played a central role during the clarification of the change 
requirements and the subsequent design changes. During the process, the constructor 
maintained frequent interactions with the client’s engineer and constructor’s engineer while 
keeping the steel subcontractor engaged in the information exchanges. 
During the construction stage, the client made the decision to add the packaging area to the 
building footprint. As a result, additional trusses and rafters were required to be designed and 
manufactured to cover the additional area. To fulfil this, the constructor engaged in frequent 
information exchanges with the client’s team which initiated the design change and defined 
the requirements. In addition, the required changes were discussed with the constructor’s 
Chapter 4 – Individual case description and analysis  
197 
 
engineer, and subsequently the additional structural members were designed by the 
constructor’s engineer and constructor who frequently exchanged information. The 
constructor also involved the steel subcontractor in the interaction. At the same time, the 
design changes were communicated to an independent engineer who checked the changes 
against the requirements for the building permit. 
Figure 4.7 indicates the interdependencies between the decisions made during the design 
process. Each rectangle denotes a decision. A decision ID was assigned to each decision. The 
decision ID is provided inside each rectangle at the top. Different numbers refer to different 
decisions and letters after the numbers (that is, a, b) denote revisions to the same decision 
(e.g., 3a and 3b denote original and revised decisions respectively in relation to Truss 
Design). The decision name and decision outcome (selected option) are provided under the 
decision number in each rectangle (see the legend in Figure 4.7). Rectangles with a dashed 
line indicate the decision was made at construction stage. Links in the decision network 
indicate logical and/or information dependencies between decisions. 
With consideration of the generic design and specifications developed by the client’s 
engineer (D00a) at the concept stage, the constructor preferred to prefabricate the roof 
structure members and assemble them on-site (D01). This decision was in accordance with 
suggestions made in the generic design. At the same time, the constructor decided to use 
trusses for both the primary and secondary (rafters) members of the roof structure (D02). This 
decision was believed to reduce the weight and cost of the structure, and improve 
constructability (due to the constructor’s previous experience and expertise). Consequently, 
the steel structure was designed to consist of propped portal frames with trussed rafters. The 
roof trusses were designed with consideration of the columns layout as well as the location of 
openings (D03a). This design formed part of the constructor’s response to tender. The 
proposed design was favoured by the client’s team and subsequently the constructor was 
engaged through a D&C contract to undertake the project.  
To improve constructability and address the conditions required for safe transportation and 
reduce the associated costs, the trusses were designed in sections. To span between each two 
supporting columns, three truss sections needed to be bolted together (D04). Bolted 
connections were specified to reduce welding on-site, make the installation process quicker 
and reduce cost (D05). At the same time, the installation process was planned (D18a). Each 
complete truss span was designed to extend beyond the next supporting column to provide a 
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temporary support for the next truss span until it was connected on both ends. It was decided 
to connect the truss sections, within each span, at ground level and then crane a complete 
section into position. Bolt sizes and connection details were also specified during design 
(D06a); however, after an independent review of the design (as part of the application for 
building permit) a minor change to the size of bolts was required (D06b).  
Installation of the trusses followed the column installation sequence (DC14) and the structure 
was erected starting from one side of the building and continuing to the other side to avoid 
long crane movements and reaching over already constructed sections. Some difficulties in 
fitting the connection holes at height led to the decision to install supporting plates on the 
columns so that the trusses could be temporarily supported until the connections were bolted 
(D17). This decision made the adjustment of connection holes much easier and quicker. 
A number of changes were also made to the design. During the design process, due to the 
constructor’s misinterpretation of the concept design, a few columns needed to be relocated 
(DC01c), and consequently the length of a number of trusses needed to be increased. This 
change, in turn, resulted in minor design changes to the trusses (D03b). As the required steel 
had already been ordered, the constructor also needed to order more material (D12) to be able 
to manufacture the longer trusses. In addition, the client requested late changes to the 
building layout by adding a packaging area to the building. As a consequence of this late 
change, additional columns (Dc01d) and trusses (D03c) were designed for the packaging area 
and additional material was ordered (D12) to manufacture and erect the roof structure for the 
packaging area (D18b). 
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D00 a
Building Footprint
Original plan for a large 
Dry Store and ELA
D00 b
Building Footprint
Addition of Packaging 
Area to Dry Store footprint
D01
Roofing Design
Prefabricate sections and 
assemble on-site
D02
Roofing Members
Trusses
D03 a
Truss Design
Truss design based on 
columns located on Dry 
Store side of wall
D03 c
Truss Design
Design of additional 
trusses for Packaging Area
D03 b
Truss Design
Redesign of trusses to fit 
columns relocated to ELA 
side of the wall
D04
Size of Trusses
3 sections to make up a 
single span truss
D05
Truss Connections
Bolted on-site on the 
ground then installed
D06 a
Bolting
Bolt sizes thicker than 
plate size
D06 b
Bolting
Bolt diameter and plate 
thickness the same size
D07
Contractor Selection
Contractor selected
D09 a
Building Permit
Amendment required as 
per peer review
D16
Truss Connections
Difficulty in fitting / 
Trusses bolted on ground 
then erected
D17
Temporary Support of 
Trusses
Trusses supported 
temporarily by ‘seating’ 
welded to the columns
D18 a
Erection of Trusses
Erection of trusses as per 
drawings
D18 b
Erection of Trusses
Additional trusses required
- Logistics & flow of production
- Client’s decision to package 
product on-site
- Late approval of stage 2 
construction and client’s decision 
to construct Packaging Area as 
part of stage 1
- Allowing for future expansion
- Production requirements, peak 
inventory & daily product flow
- Operation safety and efficiency
- Separation of plant and people
- Regulatory requirements for 
product safety
- Minimising damage to columns
- Cost
- Review of client’s other 
production facilities
- Constructability
- Cost
- Quality
- Weight
- Cost
- Constructability
- Contractor’s experience 
and competitive advantage
Steel Structure-Dc03
Framing Structure
Propped portal frame 
with trussed rafters
Steel Structure-Dc01 c
Column Layout
Relocation of existing 
columns and additional 
columns at the end of 
building
Steel Structure-Dc01 b
Column Layout
Uniform grid layout with 
adjustments around 
openings
Steel Structure-Dc01 d
Column Layout
Additional columns for 
Packaging Area
Cost, more clear space, 
ease of construction
- Constructability & WHS
- Cost
- Technical (door locations, 
column layout)
- Constructability
- Cost
- Transportation
Less pieces to be 
erected because of 
reduced number of 
rows and trusses.
- Constructor’s 
preference to avoid 
welding on-site
- Quality
- Time
-Cost
- Constructability
Each completed truss span to extend 
beyond the next supporting column, 
providing temporary support for the 
next truss span until it is bolted to 
the supporting truss and the next 
column.
Truss sections to 
cantilever over the 
columns to provide 
temporary supports for 
next sections.
D12
Materials
Additional material 
required
Steel Structure-Dc14 a
Installation of Columns
Columns installed as per 
sequences/numbered to 
Dry Store and ELA
Decision ID
Decision Name
Decision Outcome
Decision made 
before construction 
stage
Legend
Decision ID
Decision Name
Decision Outcome
Decision made 
at construction 
stage  
 
Figure 4.7: The decision network for erection/installation of roof structure
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The following Table 4.8 includes the key design decisions in this case. The table includes the description for each decision-making scenario and 
the interaction pattern that underpinned the decision-making. 
Table 4.8: The interactions underpinning a number of key decisions 
ID Decision Participants and information exchanges Pattern of interaction during decision-making 
D01 Roofing design 
The constructor preferred to construct the 
roof using trussed members which were 
prefabricated in sections and then assemble 
them on-site. The constructor had 
experience of constructing trussed 
structures and believed using sections of 
prefabricated trusses would be cheaper and 
improve constructability and quality. 
The constructor was the central actor during the interactions. 
The decision-making was with consideration of the client’s 
requirement and the generic design developed by the client’s 
engineer. These requirements were directly negotiated between 
the client’s engineer and constructor. The concept design and 
the constructor’s prefered design features and construction 
methodology were discussed between the constructor and their 
consultant engineer who jointly developed the detailed 
structural design. Frequent and two way interactions between 
the constructor and the two other actors enabled consideration 
of both end-use and construction requirements. The constructor 
was a broker during the interactions by both facilitating and 
controlling information exchanges between the other two 
participants. 
 
D03a Truss design 
The trusses were designed by the 
constructor and constructor’s engineer with 
consideration of the specifications, columns 
layout and location of openings specified in 
the concept design. 
The constructor maintained a central position during the 
interactions. Information about the client’s requirements and 
the concept design were exchanged between the constructor 
and client’s engineer, while information about detailed design 
of trusses and construction requirements was frequently 
exchanged between the constructor and their engineer. Within  
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the network, the constructor was the connction point 
facilitating the exchange of information about structural 
aspects, end-use and construction requirements.  
D03b Truss design 
Due to misinterpreting the location of a 
number of columns, and subsequent 
adjustments to them, some trusses needed to 
be redesigned to match the new column 
layout. The design changes were mainly 
due to changes in lengths of the roof 
members. 
The constructor’s interaction with the client’s engineer was in 
relation to adjustments to the columns’ layout and the required 
structural modifications. The constructor also maintained 
frequent interactions with the engineer and steel subcontractor 
during alteration of the design. The information exchange 
between the constructor and steel subcontractor was mainly to 
update the subcontractor about the changes; hence, the 
majority of the interaction was from the constructor to the 
subcontractor. The constructor was the central participant and 
the only point of contact between the other participants, thus 
benefiting from different knowledge sources and controlling 
the flow of information in the network. 
 
D03c Truss design 
Due to client’s late decision to add a 
packaging area to the facility, additional 
trusses needed to be designed and 
manufactured to extend the structure. 
The client’s team and the constructor engaged in direct and 
frequent information exchange with each other to identify th 
requirements and negotiate the consequences of this decision. 
The interaction ties formed a closed triangle, indicative of 
direct and frequent information exchanges, between the client, 
client’s engineer and constructor. The project manager only 
received information from these other participants at this stage. 
In addition, the constructor diseminated the information 
frequently to their engineer, the subcontractor and checking 
engineer. The frequent and two-way interactions between the  
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constructor and their engineer supported the structural design 
jointly undertaken by these participants. 
D04 Size of trusses 
It was decided to divide each main truss 
section spanning two adjacent columns into 
three smaller sections. The decision was 
made to improve the transportation and 
construction process, and to reduce 
associated transportation costs. 
The constructor had previous experience and decided the 
transportation as well as construction process requirements. 
The constructor’s engineer designed the trusses while receiving 
information and comments from the constructor. The frequent 
and two-way communication between these two participants 
reflect the collaboration between these two participants. The 
constructor was relatively more active in sending information 
and was more influential in shaping the decision-outcome, 
while the engineer was in charge of design development based 
on the constructor’s directions.  
 
D05 Truss connections 
To install the main trusses, it was decided to 
connect together the three sections that 
made up each truss span at ground level, 
and then craned into position. In addition, it 
was decided to use bolted connections. 
Two-way and frequent information exchanges between the 
constructor and their engineer underpinned this design 
decision. This enabled consideration of the constructor’s 
preferences during design decision-making: e.g., performing 
the majority of the work at ground level and minimising on-
site welding.  
D06b Bolting 
Minor amendment to connection details was 
required as a result of the design review 
undertaken prior to the application for a 
building permit. It was suggested the bolt 
diameter and thickness of connection plate 
be the same. 
The constructor and their engineer, who were in charge of 
design development, maintained frequent interactions between 
themselves during this decision scenario. The constructor’s 
engineer also interacted with the checking engineer who 
suggested the amendments. The building surveyor mainly 
provided required information to the constructor and checking 
engineer. Nevertheless, the influential decision-makers in this 
case were the the checking engineer, who identified and 
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required the amendments, and the constructor’s engineer ,who 
amended the design details in coordination with the 
constructor. 
D16 Truss connections 
During the installation of the secondary 
trusses and purlins, workers faced difficulty 
in aligning connection holes and fitting 
connection bolts. Consequently, it was 
decided to connect the sections to the main 
trusses and fasten the bolts at ground level, 
and then use a bigger crane (or two cranes) 
to lift the heavy sections and connect them 
to the already installed sections. 
The constructor engaged the engineer and the steel 
subcontractor in the decision-making. The interaction pattern 
formed a two-path in which the constructor was the central 
participant. In addition, the constructor was receiving 
information from other participants more frequently than 
sending information to them. The pattern suggets that the 
constructor heaviliy relied on the subcontractor and engineer’s 
expertise during this decision-making scenario.  
D17 Temporary support of trusses 
Bearing plates were attached to the 
columns, to allow for temporary support of 
the preassembled sections of trusses at 
height, while they were being installed and 
connected to the steel columns. This 
decision made it easier to align and make 
connections at height. 
The interactions were between the constructor and their 
engineer. The constructor was the dominant participant in 
sending information. The solution was based on the 
constructor’s experience which was communicated to the 
engineer. Based on this information, the engineer added the 
temporary supporting plate to the design of the columns to 
enhance both constructability and WHS. 
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D18b Erection of trusses 
Subsequent to the client’s decision to add a 
packaging area to the facility, additional 
trusses were required to be manufactured 
and erected to cover the new area. To 
ensure minimal changes to the construction 
process already underway, it was decided to 
use the same roof structure design and 
erection process for the new area as for the 
rest of the building. 
The change requirements were comunicated to the constructor 
by the client’s engineer and client. The constructor received 
information and advice from the engineer and subcontractor 
about design and erection of the additional trusses. The 
interaction pattern indicates the various nature of information 
the constructor was receiving as the central participant – that 
is, the change requirements sent by the client team (client and 
client’s engineer), the information about design of trusees sent 
by the engineer, and the information associated with the 
construction and errection process sent by the subcontractor. 
Being in a broker position, the constructor was able to 
incorporate the information and expertise from different 
sources in the decision-making. 
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With regard to the interaction patterns that underpinned the key decisions in this case, 
different groups of decisions were identified: 
• Decisions about the type and arrangement of roof structural members (D01, D03a and 
D03b) involved the constructor, constructor’s engineer and client’s engineer. The 
constructor had a central position during the interactions and was the only point of contact 
between the other participants. The interaction patterns were highly centralised. 
• Details of the structural members and connections (D04, D05, D06b and D17) were 
mainly specified by the constructor and constructor’s engineer and involved frequent 
interactions between these participants. 
• Decisions about construction methodology (D16 and D18b) were underpinned by a 
centralised interaction pattern. The constructor was a central participant acting as a broker 
(providing the only point of contact between the other participants). The subcontractor 
(steel erectors) was also involved in the interactions. These decisions positively 
influenced WHS. 
• The revision required due to the client’s design change (D03c) involved collaborative and 
frequent interactions between the constructor and the client’s team. In addition, the 
constructor engaged in direct and frequent interactions with the subcontractor, engineer 
and checking engineer. 
 
4.4.3 WHS outcomes 
The design decisions in this case generally improved constructability and WHS during the 
construction stage, although the late changes requested by the client resulted in extra work 
not originally planned for and increased workers’ exposure to construction hazards (e.g., 
more manual handling and longer exposure to ergonomic hazards due to additional 
installation work). Deciding to use similar design details and construction process for the 
addition of the packaging area, as the sections already installed, the constructor managed to 
minimise changes and implement mostly high-level WHS risk controls to address these 
construction hazards. 
The decision to use trussed rafters, rather than I beams, resulted in a lighter roof structure 
which was quicker to erect. At the same time, the decision to manufacture the roof trusses 
off-site eliminated workers’ exposure to on-site hazards such as fall from height, 
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electrocution (due to on-site welding), overexertion and ergonomic hazards, manual handling, 
and being struck by objects and equipment during the manufacturing of the trusses. 
The decision to divide each section of the main trusses spanning between adjacent columns 
into three smaller sections made transportation safer, and reduced exposure to hazards 
associated with lifting and moving heavy and large objects on-site. In addition, decisions to 
bolt sections of the main trusses, and connecting the secondary members to them, on the 
ground significantly reduced the amount of time trusses needed to be suspended from the 
crane, as well as the time and effort workers needed to spend fitting and connecting sections 
of trusses at height. However, due to the height of the main trusses (which were generally 
more than 2m), workers were still exposed to hazards associated with working at height. This 
exposure was addressed by using scissor lifts to access connection points. The bolts were 
fastened using rattle guns, so bolting was quicker and workers’ exposure to ergonomic 
hazards were reduced. 
Moreover, attaching bearing plates on the side of the columns to temporarily sit and hold the 
trusses when connecting them to the columns, significantly reduced workers’ exposure to 
hazards associated with working at height, being struck by heavy and suspended objects, and 
overexertion and ergonomic hazards when adjusting connection holes. The amount of 
propping required for holding the structure was also significantly reduced. 
When designing the temporary works and propping, wind and seismic loads were taken into 
account to ensure stability of the structure during the construction process. In addition, a 
sequence of work was devised for erecting the portal frames to ensure the crane movements 
and lifts were kept within a safe distance, and crane boom movements over already erected 
sections of the structure were minimised. 
A detailed assessment of the effectiveness of WHS risk controls realised in this case is 
provided in Table 4.9. Overall, a good level of WHS performance was achieved during 
construction through implementing mostly technological risk controls, as indicated by the 
high average HOC score in this case. 
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Table 4.9: Assessment of WHS hazard controls for the erection/installation of roof structure 
Activity  Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Construction of 
main roof trusses 
Cutting, welding and 
bolting steel sections to 
build main spine trusses 
Overexertion and bodily 
reaction 
Off-site manufacturing of trusses 
Elimination 5 
4.25 
Construction of 
main roof trusses 
Welding steel elements to 
build main spine trusses 
Exposure to electricity Off-site manufacturing of trusses 
Elimination 5 
Construction of 
main roof trusses 
Connecting steel elements 
at height 
Fall, slip, trip Off-site manufacturing of trusses 
Elimination 5 
Construction of 
main roof trusses 
Lifting steel elements to 
position 
Struck by object or equipment Off-site manufacturing of trusses 
Elimination 5 
Installation of roof 
structure 
Ensuring stability of the 
structure during 
“temporary” construction 
loading conditions 
Struck, caught, or crushed in 
collapsing structure, 
equipment, or material 
Adding construction sequence schedule to 
structural drawings, considering temporary 
construction loads in structural design 
Substitution 4 
Installation of roof 
main spine trusses 
and rafters 
Access to work area to 
put in place roof main 
trusses and rafters 
Struck by object or equipment Sequence of work using computer 
modelling to ensure constructability and 
safe erection 
Administrative 2 
Installation of roof 
rafters 
Lifting roof rafters which 
connect off the main 
spine trusses using crane 
Struck by object or equipment 
Using trussed rafters which are lighter than 
I beams 
Substitution 4 
Installation of roof 
trusses 
Connecting main trusses 
to columns 
Struck by object or equipment Installing bearing plates on columns to 
temporarily support trusses during 
installation 
Elimination 5 
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Activity  Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Installation of roof 
trusses 
Connecting main trusses 
to columns 
Overexertion in holding, 
carrying, or wielding 
Installing bearing plates on columns to 
temporarily support trusses 
Substitution 4 
Installation of roof 
rafters 
Connecting trussed rafters 
to columns 
Struck, caught, or crushed in 
collapsing structure, 
equipment, or material 
Installing bearing plates on columns to 
temporarily support rafters during 
installation 
Elimination 5 
Trussed rafters 
Fabrication of trussed 
rafters 
Overexertion in holding, 
carrying, or wielding 
Prefabrication of trussed rafters 
Elimination 5 
Propping work 
Installation of props to 
hold rafters in position 
during erection of roof 
structure 
Overexertion in holding, 
carrying, or wielding 
Installing bearing plates on columns to 
temporarily support rafters during 
installation, minimised propping work 
Substitution 4 
Assembling of 
spine trusses 
Connecting together 
prefabricated sections of 
spine trusses in each span 
using bolts 
Falls to lower level 
Connecting the sections on the ground 
before lifting 
Substitution 4 
Assembling of 
spine trusses 
Connecting the sections 
on the ground before 
lifting 
Falls to lower level Using scissor lifts to access the connection 
points 
Engineering 
control 
3 
Assembling of 
spine trusses 
Bolting the sections 
together 
Overexertion in turning, 
twisting, bending, etc. 
Using rattle guns for bolting Engineering 
control 
3 
Installation of spine 
trusses 
Elevating span-wide truss 
sections in position, and 
making connections 
Struck by object or equipment Designing truss spans to extend beyond the 
next supporting column to provide a 
temporary support for the next truss section 
Elimination 5 
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4.4.4 Overall interaction and decision-involvement patterns and measures 
Figure 4.8 shows the pattern and average frequency of communication between the project 
participants during the design decision-making process. The normalised valued density for 
the network was 5.2%. In addition, the value of binary network density was 42.8% indicating 
a medium level of connectivity between the participants, since almost half (43%) the 
potential ties were reflected in actual information exchanges. The average value for existing 
ties was 0.69, the maximum tie value was 2.9, and 7 ties (29% of the existing ties) had a tie 
value of at least 1. The most frequent interactions took place between the constructor and 
constructor’s engineer, between the constructor and client’s engineer, and between the client 
and client’s engineer. The constructor also actively sent information to the steel erectors. 
Regarding distribution of node centrality within the network, the values for both network out-
degree centralisation and in-degree centralisation were 0.76 indicating a centralised pattern of 
interaction between participants: that is, a few participants were more central than others, 
both in terms of sending and receiving information. As the overall interaction pattern in 
Figure 4.8 shows, the constructor was the central participant with direct and two-way 
information exchanges with all project participants. In addition, the client’s team (actors on 
the righthand side of the network) was generally more active than other participants (except 
the constructor) during the overall interactions. The most frequent information exchange, 
however, took place between the constructor and constructor’s engineer. 
Considering the individual nodes in the network, the average values for both in-degree and 
out-degree centrality were 3, indicating the participants on average interacted with 3 other 
participants during the design process. The constructor was the most central participant, with 
degree centrality value of 7, while the steel erectors were the least central participant, only 
interacting with the constructor. 
Overall, the network pattern reflects an important role for the constructor, as the constructor 
was acting as a broker by connecting the two segments of the network together. In other 
words, the information exchange between the “demand-side” participants (client, client’s 
engineer and project management consultant) and the “supply-side” participants 
(constructor’s engineer, checking engineer, and building surveyor) was facilitated through the 
constructor. Taking advantage of this key position, as well as establishing direct connections 
with all the actors, the constructor had access to different sources of knowledge and 
information within the network and was able to control the information flow and engage 
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different participants as required. Moreover, as the frequency of the interactions (tie values) 
indicate, the information exchanges between the two segments of the network were mainly 
facilitated through the path passing through client’s engineer, constructor and constructor’s 
engineer, with the constructor and the client’s engineer (though to a lesser degree) acting as 
both the distributor and absorber of information in the network. There was also two-way 
interaction between the constructor and subcontractor (steel erector), although the flow of 
information was mostly from the constructor to the subcontractor. 
 
Figure 4.8: The overall pattern of interaction during the design decision-making process 
The bipartite network in Figure 4.9 indicates the involvement of project participants in 
making design decisions. In this network, each link between a participant and a decision 
shows the participant was influential in shaping the decision outcome: that is, the participant 
possessed decision-making power. 
On average, each decision was made with the involvement of nearly 4 participants (average 
degree centrality for decisions was 3.52). Making decisions about adding the packaging area 
to the building footprint (D00b) and relocating existing columns at the end of building 
(Dc01c) involved the highest number of participants (each involved 6 participants) in 
comparison to other decisions. In addition, decisions about design of additional columns 
(Dc01d) and additional trusses (D03c) for the packaging area, as well as erection of 
additional trusses (D18b), each involved 5 participants. All these decisions were made in 
response to the client’s request for changes to the building layout. 
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On average, the project participants were involved in 10 decisions (the average degree 
centrality for participants was 10.12). The constructor was influential in the highest number 
of decisions (21 decisions) in comparison to other participants. The constructor’s engineer 
was involved in 19 decisions and the client’s engineer in 16 decisions. The involvement of 
the subcontractor (steel erectors) in almost half of the decisions (10 decisions) was 
noteworthy. In particular, the subcontractor was involved in decisions about design of the 
trusses (D03b and D03c), truss connections (D16), and erection of columns (Dc14a) and 
trusses (D18a and D18b). The external participants (building surveyor and checking 
engineer) had a low level of involvement in the decision-making process and were mainly 
involved in design review during the application for the building permit. 
 
Figure 4.9: The overall pattern of involvement in the design decision-making process 
The original decision about building footprint (D00a) and contractor selection (D07) only 
involved demand-side participants. On the other hand, detailed design decisions about the 
size of trusses (D04), truss connections (D05), bolting (D06a and D06b), as well as 
construction process decisions about connecting truss sections (D16), temporary support of 
trusses (D17) and erection of trusses (D18), involved only supply-side participants. The rest 
of the decisions involved participants from both supply and demand sides. 
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4.4.5 Multilevel network analysis 
The parameter estimates for ERGMs are presented in table 4.10. In model 1, all the 
information exchanges between the participants were included, while model 2 only included 
the information exchanges which were important for making decisions (importance score was 
above 2). The models comprised both interaction-level (micro-level) effects and cross-level 
effects. Exclusion of reciprocity, popularity spread and activity spread effects, and inclusion 
of the interaction effect between affiliation and within-level activity (L3XBX), helped model 
convergence in model 1. In both models, parameter estimates converged. Moreover, the 
goodness-of-fit check showed both models were capable of reproducing the properties of the 
observed network well. In both models, the absolute values for the goodness-of-fit ratios 
were well below suggested thresholds: that is, ratios were less than 0.1 for fitted effects and 
less than 1.5 for unfitted effects. The significant estimates in Table 4.10 are marked with a * 
and indicate the associated configurations were observed more than anticipated (if the 
parameter value had been 0), given the other effects included in the model. 
Table 4.10: Parameter estimates for the ERGMs 
Effects Model 1 Model 2 
Interaction-level effects   
Arc -8.3653 (5.389) -3.7365 (3.469) 
Reciprocity - 6.4809 (5.751) 
Two-path [TwoPath] -1.0081 (0.699) -2.2556 (2.146) 
Popularity spread [AinS] - -1.7523 (2.132) 
Activity spread [AoutS] - -0.5824 (1.479) 
Transitive closure [AT-T] 1.904 (3.209) 1.5144 (1.343) 
Cyclic closure [AT-C] -0.1089 (3.002) -1.6446 (1.109) 
Multiple connectivity [A2P-T] 2.6252 (1.189)* 2.9654 (2.011) 
Cross-level effects   
Cross-level edge [XEdge] -4.628 (2.368) -4.332 (2.12)* 
Cross-level 3-star connectivity [XStar3A]   -0.0971 (0.097) -0.0351 (0.087) 
Cross-level 3-star connectivity [XStar3B] 0.0076 (0.003)* 0.005 (0.004) 
Cross-level connectivity spread [XASB] 1.1004 (1.2) 0.8479 (1.125) 
Affiliation based closure arc [TXAXarc] 1.1498 (0.302)* 1.0063 (0.298)* 
Alternative affiliation-based closure arc [ATXAXarc] 0.1194 (0.767) 0.477 (0.735) 
Affiliation-based closure arc [TXBXarc] -0.8361 (2.124) -0.5373 (1.2) 
Affiliation-based closure reciprocity [TXBXreciprocity] 2.7917 (4.306) 2.3842 (2.315) 
Alternative affiliation-based closure arc [ATXBXarc] - 3.894 (3.417) 
Alternative affiliation-based closure reciprocity [ATXBXreciprocity] 2.0105 (1.494) -6.8124 (6.627) 
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Interaction between affiliation and within-level activity [L3XBX] -0.006 (0.011) - 
Cross-level alignment entrainment [C4AXBentrainment] -0.104 (0.047)* -0.1258 (0.058)* 
Cross-level alignment reciprocity [C4AXBreciprocity] -0.3489 (0.34) -0.3741 (0.36) 
* Indicates significant estimate. 
Standard errors are provided in brackets. 
Network A is decision-level (macro-level) network. Network B is interaction-level (micro-level) network. 
The positive and significant parameter estimate for multiple connectivity effect in model 1 
indicates that open two-path configurations were likely when considering the overall 
interactions. Thus, there was a tendency for the participants, above and beyond the other 
effects including path closure, to exchange information through others. This tendency was 
significant for all interactions; however, this was not the case when considering only 
important interactions. 
Furthermore, non-significant closure estimates suggest no tendency for the participants to 
shorten the interactions paths and interact directly. Thus, there was a preference to exchange 
information through others. Consequently, a few central participants in the interaction 
network facilitated the information exchanges between the other participants. This result 
agrees with the results in the previous section.  
The parameter estimate for the cross-level 3-star connectivity (XStar3B) was positive and 
significant in model 1. This configuration is a lower-order form of the cross-level 
connectivity spread (XASB) configuration. A positive and significant estimate for this effect 
indicates a high tendency for the involvement of some participants in multiple cross-level 
ties: that is, a number of influential participants in the network were actively involved in 
decision-making and influenced the outcomes of several decisions. This result was also 
indicated in the previous section. 
The positive and significant parameter estimate for affiliation-based closure (TXAXarc) 
indicates the participants’ tendency to be directly involved in making sets of decisions which 
were interdependent. In addition, the negative and significant estimate for cross-level 
alignment entrainment (C4AXBentrainment) indicates a low tendency for individuals 
involved in different, but interdependent, decisions to directly interact. Put together, it can be 
concluded that the interdependent decisions in this case were more likely to be made through 
direct involvement of a number of common participants. This was the case when considering 
all the interactions (model 1), as well as the important information exchanges (model 2). This 
indicates the associated information was transferred between dependent decisions through 
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direct involvement of relevant individuals (with power to influence decision outcomes), 
rather than only through interaction between them. Put differently, if participants had power 
to influence a decision-making scenario they were more likely to be also involved in, and 
have the power to influence the outcomes of, other (technically) related decisions. Thus, local 
clusters, within the multilevel network, were likely to be formed consisting of technically-
related decisions and the common participants who were involved in them. Overall, these 
significant effects suggest that, where decisions technically depended on each other, the 
individuals were the primary means of transferring the relevant knowledge and expertise 
between the decision-making situations rather than reliance on the communication flow. 
Thus, if individuals were influential in a decision-making scenario, they were highly likely to 
both bring in and communicate their knowledge and expertise to the other technically-related 
decisions, and to influence (have power to shape) the outcomes of these related decisions. In 
simple words, there was a high tendency for the participants with information and expertise 
relevant to a decision-making scenario to directly engage in decision-making, and to exert 
power to influence the decision outcome rather than only provide information to other 
participants. 
 
4.4.6 Findings from case study C 
Through the analysis and interpretation of the quantitative and qualitative data a number of 
points are noted in this case. These points are explained in this section. 
Despite the emphasis on end-use and operational requirements which drove the concept 
design, the constructor was given the authority and room to make decisions about the details 
of the building design as well as the construction process. This enabled the constructor to 
input their construction expertise and past experience to the structural design process and 
consider the construction process when designing the structure. As indicated in Figure 4.7, 
constructability and WHS considerations were an integral part of the design decision-making 
process and were generally considered among other factors (e.g., cost, quality) when making 
key design decisions. Examples include the decision to use trussed roof members (D02), 
prefabricating roof structural members (D01), dividing each truss span into three sections 
(D04), using bolted connections and connecting truss sections together at ground level (D05 
and D16), and attaching bearing plates to the side of columns for temporary support of the 
truss sections during installation (D17). These decisions all led to constructability and WHS 
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improvements. Moreover, the interaction patterns at these decision points indicate the 
decisions were made predominantly by the constructor and constructor’s engineer (with the 
subcontractor’s input in one decision), and the decision-making involved a high frequency of 
information exchange between these participants. 
Frequent and two-way communication between the constructor and constructor’s engineer 
which underpinned all the key design decisions (represented in Table 4.8) is notable in this 
case study. In the same way, the overall interaction network (Figure 4.8) indicates the highest 
frequency of interaction (the strongest interaction tie in the network) during the design 
process took place between the constructor’s engineer and constructor. During the design 
process, the constructor’s engineer was the main source of design knowledge engaged by the 
constructor to develop the detailed design. The constructor, on the other hand, was the main 
source of construction process expertise, and in charge of the construction process. As the 
data reveals, frequent information exchanges between these two participants, from the 
beginning of the detailed design process, was beneficial in establishing collaboration between 
them and enabling these participants to combine their expertise during the design process. 
The result was improved constructability (and WHS) through consideration of construction 
process during the structure design. 
The overall interaction pattern, depicted in Figure 4.8, highlights the central role the 
constructor played during the design process. As the constructor’s position in the interaction 
network suggests, the constructor was the sole connection point between the client’s team, 
designer and subcontractor. Detailed analysis of the interaction patterns with consideration of 
the decision dependencies (multilevel network analysis) helped to further understand the 
implications of this role. The significant and positive effects for the cross-level connectivity 
spread indicated the influential role played by two participants (constructor and constructor’s 
engineer) in shaping design decision outcomes. In addition, the significant and positive 
multiple connectivity effect reflected the tendency of project participants to exchange 
information indirectly through others. The overall interaction pattern indicated the 
constructor was the central participant through whom the majority of the information flowed. 
It is also important to note that the constructor was the main source of construction 
knowledge and the decision-maker about the construction process. 
Data about decision-making power of the participants indicated the constructor and 
constructor’s engineer were the most influential participants. This was evident by the average 
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values of decision-making power over the design process for these two participants which 
were the highest in comparison to others. In addition, the constructor and constructor’s 
engineer were influential in the greatest number of decisions relative to other participants (21 
and 19 decisions respectively). 
The constructor’s central position during the interactions, coupled with a high level of 
decision-making power, enabled the constructor to understand the expectations of these 
parties (e.g., D01, D03a) and access their expertise as required (e.g., D03b, D06b and D16). 
In addition, the constructor managed to input and communicate their own construction 
knowledge and experience during the decision-making; that is, act as a source of 
constructability knowledge and experience where needed (e.g., D02, D04, D17, D18a and 
D18b). 
When responding to the design changes initiated by the client – that is, D03c and D18b – the 
central role of the constructor and the involvement of participants from different supply chain 
tiers (i.e., client side, designer and subcontractor) in the interactions were particularly 
noteworthy. In fact, these decisions (and the decisions related to them) were among the 
decisions which had the highest level of involvement from participants in comparison to 
other design decisions (see Figure 4.9). At the same time, the constructor remained the 
central participant in the interaction network when addressing the design change. The 
engagement of other participants in the decision-making, when making the design change, 
was helpful to: 1) evaluate the change consequences, and 2) to obtain different views from 
project participants to identify the best way to address the change. In addition, maintaining 
simplicity and consistency during design of the structure, as noted by the constructor’s 
engineer, was an important factor helping to accommodate changes and address 
constructability (and WHS issues). The decision to keep structural design of the packaging 
area (which was added late to the building) consistent with the design of the rest of the 
building enabled the constructor to use the same construction process for the packaging area 
and address construction WHS risks using the same, mostly high-level, risk controls as 
decided before. Only the duration of exposure to WHS hazards was increased due to the extra 
work. 
The overall pattern of involvement in design decision-making (Figure 4.9), and interaction 
networks underpinning the key design decisions (presented in Table 4.8), also reflect the high 
involvement of the subcontractor (steel erectors) in decision-making, particularly about 
Chapter 4 – Individual case description and analysis  
217 
 
design and construction of trusses and columns. The subcontractor was responsible for 
actually implementing the construction activities and also possessed the practical expertise 
about the installation process. The subcontractor’s collaboration with the constructor and 
their input to the design was important to ensure that: 1) the construction process 
requirements and potential issues were identified and considered during design of structural 
components, and 2) they received up-to-date information about changes that affected the 
construction process. As such, the subcontractor’s involvement in making 10 decisions (43% 
of the identified decisions) was beneficial to the constructability and WHS outcomes. 
Lastly, the detailed multilevel network analysis indicated a significant and positive 
affiliation-based closure effect, reflecting the match between participants’ expertise and 
decision dependencies and, more importantly, empowering the participants to directly 
influence decision outcomes where their skills were relevant. This also facilitates an efficient 
and direct transfer of knowledge and expertise between technically dependent decisions. A 
particularly important finding was that the involvement of the participants with relevant 
expertise in decision-making, not only through interaction but also by having the power to 
influence the outcomes of the related decisions, was prevalent (and significant) during the 
design decision-making. 
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 Case D – Construction of foundation system and steel structure 
Summary of case D 
Case 
description 
The case involved the design and construction of the foundation system and steel structure for 
the storage facility of a manufacturing plant. The project was procured using a design and 
construct (D&C) approach. At early stage, the client engaged a consultant to review the design 
of the client’s facilities in other locations to capture the best design features of existing 
facilities. Based on this review, a generic design was developed with a strong focus on 
operations and end-use features of the facility, as well as health regulatory requirements. To 
maximise the usable area, a steel structure consisting of five rows of columns and three spine 
trusses was specified in the concept design. The generic design and project specifications were 
handed over to the constructor. 
 
The constructor suggested eliminating one row of columns and revised the layout of remaining 
columns. Consequently, fewer columns needed to be manufactured and installed. In addition, 
the number of pad foundations to support the columns was reduced. The constructor also 
revised the foundation design to pad foundations without reinforcement. Using this design, the 
workers did not need to install rebars in excavated areas. These design revisions significantly 
improved construction WHS. However, late changes by the client created extra work during 
construction. 
Key 
findings 
• A good level of WHS performance was assessed for this case. This is evident by an 
average HOC score of 3.37. 
• The constructor’s team was given authority to make detailed decisions about the building 
design as well as the construction process. 
• Constructability and WHS considerations were an integral part of the design decision-
making from the time the constructor was involved in the decision-making. 
• The client’s team remained involved in the design process by putting in place a formal 
design approval process and participating in regular fortnightly design review meetings. 
These arrangements ensured consideration of the client’s objectives and requirements 
during the design process, and enabled identification and amendment of potential issues 
and misunderstandings early in the process to prevent major rework. 
• Early involvement of the constructor in the project provided the constructor with the 
opportunity to input their constructability knowledge and experience to the decision-
making from early design stage (as early as defining the layout of columns). The 
constructor was able to make design choices aligned with their construction expertise and 
experience. 
• Frequent and two-way information exchanges between the designer and the constructor, 
starting with early decisions, were an important factor for integrated design and 
construction decision-making which was pursued over the design process. 
• Early engagement of subcontractors in the design decision-making was also noteworthy. 
The subcontractors remained involved in the decision-making process and influenced the 
outcomes of almost one-third of the key decisions. 
• There were frequent interactions between the constructor’s engineer, constructor and 
client’s engineer when making key design decisions. 
• The design process was underpinned by a quite centralised pattern of interaction between 
participants. The constructor was central during the interactions and communicated 
directly with all participants. This central position was coupled with the constructor’s high 
influence and decision-making power over the design process.  
• The client acknowledged that time pressure for project completion was a factor 
encouraging commencement of the construction process when the design work was not 
complete, resulting in variations to the design during construction. 
• The design changes were dealt with collaboratively to address the changes with minimal 
impact on construction process. The constructor’s input was noteworthy. 
• There was a match between participants’ expertise and decision dependencies, enabling 
participants to directly influence decision outcomes when their skills were relevant 
(evidenced by the significant affiliation-based closure effect). 
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4.5.1 Overview of case D 
This case study focuses on design and construction of the foundation system and steel 
structure for the storage facility of a new manufacturing plant. The project involved 
constructing a new manufacturing plant and related storage facilities. The area of the 
greenfield site was around 12 hectares. The project cost was estimated to be over A$500m. 
Design and construction of the storage facility for the plant is considered in this study. The 
project duration was just over 18 months. At early stage of the project, the client engaged a 
consultant to review the design of the client’s storage facilities in other locations to capture 
the best design features of the existing facilities. An emphasis was placed on end-user safety 
and product flow. The idea was to develop a generic design which could be used in future for 
constructing new facilities. The design and the building layout were driven by the 
requirement to maximise storage capacity with safe and efficient product handling and 
access. Separating staff and machinery was of particular importance. Based on these 
operational requirements, and through the review, a generic design was developed which 
formed the concept design in the tender documents. Information about general site conditions 
and risks were included in the tender package. The building area was 15,000m2 and the 
storage capacity was 25,000 tonnes of product. The client selected a design and construct 
procurement approach for the project. 
Based on the review of other production facilities undertaken by the client’s engineer, a 
concept design was developed by the client’s team. The key requirements were end-use 
specifications, including health regulations and staff safety, and maximising usable space for 
operation and product storage. The concept design specified a steel structure consisting of 
steel columns and a trussed roof structure. Apart from the overall building plan and the layout 
for the columns and main trusses, no other structural details and dimensions were provided in 
the concept design, allowing the constructor to develop the detailed structural design. 
 
4.5.2 The evolution of social interactions and the emergence of design decisions 
Based on the concept design, the steel structure consisted of five rows of columns and three 
spine trusses. The column layout was specified to minimise loss of space and restrict hit and 
damage to the columns by forklifts during operation of the facility; hence, columns were 
located in the middle of product stacks. As the client’s engineer explained: 
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…the structure’s got to be economical and so there needs to be internal columns and 
we evolved a pretty simple conceptual design … The concept was to have the columns 
located right smack bang in the middle of a pallet position … it means that the column 
is right at the end of the row and much less chance of being hit, whereas traditionally 
in these places here people have sort of kept a nice clear storage space and we end up 
with columns along the side of the rows, and so they get hit every single time and this 
came very clearly through from the operators. 
No structural design details were included in the concept design. The constructor was 
selected through a tender process. The tenderers were required to provide structural and 
constructability details as part of their bids. 
As part of the design solution for the structure, the constructor suggested reducing the 
columns to four rows. Based on the new layout, the columns were still located in the middle 
of the product stacks; however, fewer columns needed to be lifted by crane and installed. In 
addition, the number of pad foundations to support the columns was reduced. The change 
resulted in less exposure to construction hazards for workers (such as being hit by objects and 
material, fall from height, ergonomic hazards) as the construction activities involving these 
hazards were reduced. To identify and evaluate this design solution, the constructor and their 
engineer engaged in frequent (daily) and two-way interaction with each other. The 
constructor communicated details about design revisions to the client’s engineer who was 
mainly concerned with end-use requirements as well as construction cost. The client was kept 
informed about design solutions by the client’s engineer. Feedback was provided to the 
constructor by the client’s engineer. The client’s engineer commented on the constructor’s 
proposed change to the column layout: 
We had five [rows of columns] on the concept and [the constructor] cut it back to four 
… Our initial impression was it would be more expensive to go for four, but in fact 
when they got down to the detailed design we said no, it saves us money going for 
four, particularly in the erection. 
With consideration of spacing requirements and location of openings specified in the concept 
design, the constructor’s engineer worked out a uniform grid layout for the columns. The 
engineer believed the concept design requirements limited the scope of possible design 
alternatives. In consultation with the constructor, and based on the requirements and the 
information available at the time (e.g., using standard roller doors for openings), the 
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constructor’s engineer designed the structure and specified the columns and roof members. 
The constructor communicated the design details to the client’s team and subcontractors. 
Subsequently, the client’s engineer requested changes to the location of a number of columns 
due to the constructor’s misinterpretation of the tolerance specified for the spacing between a 
number of columns and the external wall at one side of the building. Due to this 
misinterpretation, the location of one row of columns indicated in the design drawings was 
not consistent with the specifications in the concept design, and amendments to the design 
documents were required. This resulted in modifications to columns and foundations 
locations in construction drawings. Minor changes to the design of trusses and height of the 
structure were also required. Making the changes did not affect the size of structural 
members; however, design drawings and the steelworks shop drawings needed to be revised. 
Further variations to the location of a few columns were required later during the construction 
process due to some changes in door sizes and locations. The constructor remained the 
central participant during the interactions at this stage. The constructor engaged the engineer 
to develop and refine the detailed design, interacted with the client’s team to ensure project 
requirements were satisfied, and informed the subcontractors and suppliers about the design 
changes, so that material orders and off-site manufactured parts were accurate.  
The constructor also proposed revisions to the foundation system. Different options were 
evaluated for the foundation system. Drilling piles into the soil was considered as an option; 
however, the constructor’s engineer’s calculations indicated that the piles needed to be 
around 1.2m in diameter and be driven deeply into the ground. Interactions with a 
subcontractor revealed a number of constructability issues for this option, as the soil 
condition was not favourable. There was a chance of striking large sections of rock during the 
drilling process in some areas, while in other areas the soil was unstable and the drilled holes 
could collapse. In addition, according to the engineer’s calculations, the pile foundation 
system was not a financially favourable option. Consequently, using pile foundations was not 
pursued as a design option and pad foundations were specified to support the columns. The 
layout of the pad foundations was determined with consideration of the columns layout. 
Thus, modifications to the columns layout and locations meant changes to the location of 
some pad foundations were necessary, causing extra work to excavate additional holes. 
The pad foundations were to be constructed by excavating a square section of the soil, 
placing the reinforcement at the bottom of the hole and pouring concrete. The workers 
needed to enter the excavation hole to place the reinforcement. Due to the soil condition and 
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depth of the holes, the constructor raised concern about workers’ WHS due to the risk of the 
excavation banks collapsing (caving in) as workers repeatedly moved in and out of the hole. 
The constructor and their engineer revised the foundation design by increasing the pad sizes 
and eliminating the need for reinforcement. The constructor then communicated the 
foundation design details to the client’s engineer for review. Based on the design revision, a 
deeper hole needed to be excavated, but there was no need for workers to enter the hole. In 
addition, due to the absence of reinforcement, the hold-down bolts for fixing the base-plates 
were made longer, going deeper into the concrete, and were cast into the concrete. The bolts 
were kept in position using a jig which was placed over the excavation, allowing the workers 
to adjust the position of bolts without getting too close to the excavation. Using this method 
eliminated subsequent drilling into the concrete to install the bolts after concrete had been 
poured. This was considered a safer and more constructible method. As the site manager 
commented: 
One of the things that I was interested in from a construction point of view over there 
is the nature of the soil and the fact that it can crumble away from the edge if you 
have an excavation open for any length of time. So one of the good design points 
about the way [the constructor] designed it was the no reinforcing in the base was 
just mass concrete in the pads under the portals which means that [the constructor] 
could dig the hole out with the machine, [connect the] hold-down bolts set up, [and] 
just backfill straightaway; basically a very quick process so that there’d be less 
chance of [the edges] frittering away and no need for anybody to be in the hole. So 
from a safety point of view that was big. 
The structure was designed in a way that each portal frame section was self-supporting as the 
installation progressed along the building. In this way, crane lifts were kept within safe 
distance without going over already built sections. In addition, propping was minimal and 
only required to resist potential seismic lateral forces. The propping could be removed as 
soon as the first “bay” was completed; thus, the site space could be freed up for other 
activities and the risk of hitting the props was greatly reduced. The Design and Construction 
contractor also considered prefabricating each “bay” as a completed section (e.g., with 
trusses, purlins and safety mesh) and lifting it into position. However, this was not selected as 
a construction method due to local wind conditions, the size of each section, and the size of 
crane required. 
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As part of the design, the constructor developed a model for the structure. The model then 
helped the constructor to define a sequence of work for construction. A code was assigned to 
each structural element. The codes were also reflected on the construction drawings. Using 
this approach, site personnel were able to easily identify the structural elements and the 
quantity of them for each building section. They were also able to check the connection 
details and the installation sequence to ensure a safe construction process.  
During the construction process, the client made a late decision to add an extension to the 
building. This resulted in the design and construction of additional columns and foundations 
for the extension area. Minor modifications to some of the end columns were also needed 
causing extra work for workers. Frequent and two-way interactions between the constructor, 
constructor’s engineer and client’s engineer underpinned the decision-making process to 
address these changes. Moreover, subcontractors were engaged by the constructor in the 
communication to use their expertise and to ensure they were informed about the changes. 
The client acknowledged that time pressure for project completion was a factor encouraging 
commencement of construction process when design work was not complete, commenting: 
I guess there are some [design options] that take time to either make decisions on, 
because you need more information, or there are some things that aren’t completely 
known but we did have deadlines in terms of when we had to start in order to 
complete. We had a production plant that was going to be producing product by a 
certain date and so we clearly had a start date that we needed to stick to. And I guess 
that’s probably not uncommon that we’ll be in a position where we need to start but 
we don’t have all the design completely nailed down. 
Communication between the client’s representatives and the Design and Construct contractor 
during the decision-making about the propping and temporary works was also highlighted as 
an area needing improvement. As the client’s engineer commented: 
… I’ve got one criticism of [the constructor] is that they have been far too cavalier in 
their approach to building and interfacing with [the client] and us as [client’s] 
technical people would. We just haven’t got the information till long after the event. 
Figure 4.10 indicates the interdependencies between the decisions made during the design 
process. Each rectangle denotes a decision. A decision ID was assigned to each decision. The 
decision ID is provided inside each rectangle at the top. Dc denotes that a decision was made 
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as part of the design of columns while Df indicates that a decision was made in relation to the 
foundation system design. Different numbers refer to different decisions and letters after the 
numbers (that is, a, b or c) denote revisions to the same decision (e.g., Dc01a and Dc01b 
denote original and revised decisions respectively in relation to Column Layout). The 
decision name and the decision outcome (selected option) are provided under the decision 
number in each rectangle (see the legend in Figure 4.10). Rectangles with dashed borders 
show that a decision was made after commencement of the construction process. Links in the 
decision network indicate logical and/or information dependencies between decisions. 
The building footprint was specified in the concept design developed by the client and their 
engineer, based on the review of other production facilities (D00a). The main factors 
affecting the concept design were production and end-use requirements, maximising capacity 
and product flow, minimising costs, and complying with regulatory health requirements. To 
achieve the desired plan, the concept design indicated a number of structural specifications 
such as the layout of columns and trussed girders. The column layout (Dc01a) was specified 
to maximise the usable area and minimise the risk for machinery (mostly forklifts). Based on 
the constructor’s suggestion, the columns were arranged in four rows. This solution was 
proposed at the tender stage, was well-received by the client’s team, and assisted the 
constructor to win the tender competition (D07). Prefabricated steel was selected as the 
construction material for the columns with consideration of cost, availability of material and 
constructability factors (Dc02). To minimise overall cost and material usage, the design 
specified a structure composed of propped portal frames with trussed rafters (Dc03), and the 
columns were arranged in a uniform grid (Dc01b). Minor adjustments to the columns’ 
locations were required around the openings, due to the weight of the doors. The detailed 
design was approved by the client’s team (D08). Application for the building permit resulted 
in minor amendments to the bracing and connection details (D09a and D09b).  
Early in the design process, it was decided to keep the direction of the columns consistent so 
that uniform details could be achieved for all the columns (Dc04a). However, after the main 
trusses were designed and the wall cladding details were specified, it was decided to rotate a 
number of columns (Dc04b). The direction of the end columns was decided so that the strong 
axis of the column sections was perpendicular to the direction of the spine trusses. This was 
done to bear more efficiently the forces imposed by heavy trusses on end columns, and 
achieved by using smaller column sections. This approach also improved material usage. 
Similarly, the perimeter columns were rotated to run in the same direction as girts. 
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Subsequently, a sequence plan was developed for safe erection of the steel structure, and the 
temporary works to hold up the structure during the construction process were designed 
(Dc05a). The installation activities were commenced based on the plan (Dc14a). 
Nevertheless, changes to the columns layout were made during the construction process. 
During the construction process, the client decided to extend the building and include a 
packaging area in the building footprint (D00b). Because of this change, additional columns 
needed to be erected for the packaging area (Dc01d). Further changes to the size and location 
of the openings (D23a) also resulted in relocation of a number of columns at the end of the 
building (Dc01c). In addition, during the review of the drawings it was found that the 
constructor had misinterpreted the location of one row of columns and the columns layout 
needed to be amended (Dc01c). All these changes needed to be considered during the 
installation process (Dc14b and Dc14c). 
Regarding the foundation system, after the evaluation of different options (e.g., pile 
foundations), and with consideration of the site conditions, cost and constructability factors, it 
was decided to use pad foundations (Df01). The number and layout of the individual 
foundations were specified based on the layout of columns. The size of the foundations and 
the excavation required for them was subsequently decided and refined with consideration of 
cost, constructability and WHS factors (Df03); thus, it was decided to use 2.4m2 pads without 
reinforcement so that workers did not need to enter excavation holes and be exposed to WHS 
hazards related to soil instability. In addition, the hold-down bolts connecting the column 
baseplates to the foundations were cast into the concrete, eliminating the need to drill into the 
concrete to install the bolts in the future (Df05). Although locations of individual foundations 
were originally decided based on the columns layout (Df04a), due to subsequent changes to 
the arrangement of columns, variation to the layout of foundations was also required (Df04b). 
The construction of the foundation system commenced according to the sequence of work 
originally planned (Df13a); however, late changes to the building footprint and location of 
openings meant additional pad foundations needed to be constructed for the new columns 
(Df13b).  
The decision network in Figure 4.10 indicates a high level of interdependency between the 
design decisions. In particular, the changes to the building footprint (D00b), and to the 
location and size of openings (D23a), resulted in a series of further variations to the columns 
layout, foundations layout, installation of columns, construction of foundations, and changes 
Chapter 4 – Individual case description and analysis  
226 
 
to construction material supply. Moreover, as the decision network reveals, end-use and 
operations requirements, cost, constructability and WHS aspects were the major factors 
frequently considered during the decision-making process.
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Figure 4.10: The decision network for the foundation system and steel structure  
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The following Table 4.11 includes the key design decisions. In this table, each decision-making scenario is described, and the interaction pattern 
that underpinned the decision-making scenario is explained. 
Table 4:11: The interactions underpinning a number of key decisions 
ID Decision Participants and information exchanges Pattern of interaction during decision-making 
Dc01a Column layout 
The columns were originally arranged in 
five rows in the concept design. During 
the tender stage, the constructor proposed 
eliminating one row of columns. This 
design solution resulted in a slight 
increase in the height of main truss 
sections, but fewer columns and trusses 
needed to be erected. Moreover, the 
usable area in the building was increased. 
The constructor engaged their engineer to develop the design 
solution. During the decision-making, the constructor and 
constructor’s engineer frequently exchanged information. 
While the design solution (i.e., reducing the number of 
columns) was devised by the constructor’s engineer, the 
constructability, WHS and cost impacts of the decision were 
evaluated by the constructor who then communicated the 
design solution to the client’s engineer and sought approval 
from the client’s team. Thus, the interaction between the 
constructor and their engineer mainly related to technical, 
financial and constructability aspects of the decision. The 
constructor’s interaction with the client’s engineer was mainly 
to evaluate the impact on the client (e.g., cost, time, usable area 
in the plant) and to seek the client’s approval. Although the 
interactions were two-way, the frequency of information flow 
from the constructor’s team to the client’s team was higher, 
suggesting a more influential role for the constructor’s team 
than the client’s team during the decision-making. 
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Dc01b Column layout 
The concept design highlighted 
considerations about columns layout, such 
as maximum usable area, minimum risk 
for forklifts hitting the columns, and rapid 
movement of forklifts in the area. These 
specifications restricted potential 
solutions for columns layout. The 
columns were arranged in a uniform grid 
layout for consistency; however, 
adjustments were needed to location of 
columns close to the doors due to the 
heavy weight of the doors. 
The client’s team had more involvement in the interaction and 
decision-making than the previous decision. This was mainly 
to ensure the operational specifications were taken into 
account. The constructor and their engineer devised the 
technical and constructability details and exchanged 
information frequently. In addition, the constructor involved 
the subcontractors in information exchanges. The constructor 
had a central role during the interactions, acting as a broker by 
transferring information between the techinal designer, 
subcontractors and client’s team. Thus, information in relation 
to different aspects of the project (end-use and operational 
specifications, financial, technical and constructability 
requirements) could flow through the network and be 
considered during the decision-making. Moreover, the 
constructor’s direct and mostly two-way interaction with all 
participants enhaced the flow of information in the network. 
 
Dc01d Column layout 
As a result of changes requested by the 
client to add a packaging area to the 
building and resizing the doors, a number 
of columns needed to be relocated and 
additional columns needed to be erected. 
It was decided to use similar structural 
details (propped portal frames, trussed 
roof elements, etc.) for the packaging 
area. 
The interaction pattern indicates collaborative information 
exchanges between the client, client’s engineer and 
constructor. The constructor also engaged the engineer and 
subcontractors in the decision-making. Acting as a broker, the 
constructor facilitated the flow of information between the 
participants; thus the engineer’s technical expertise and the 
subcontractors’ practical construction and supply knowledge 
was used to find a solution to address the client’s changes. The 
client, constructor and their engineer had the highest activity 
and influence on the decision outcome.  
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Dc03 Framing structure 
The detailed design specified a steel 
structure consisting of propped portal 
frames. In addition, large spine trusses 
(girders) ran through the structure 
longitudinally and trussed rafters were 
held by them. This design resulted in a 
lighter structure which was quicker to 
erect. In addition, the number of columns 
required to hold up the roof structure was 
reduced and the usable area inside the 
building was increased 
The design solution was devised collaboratively by the client’s 
engineer and constructor. The detailed design was developed 
by the constructor’s engineer. During the decision-making, the 
client’s engineer and constructor exchanged information about 
the structural system and the trussed design they preferred to 
use. The constructor engaged the engineer to develop the 
detailed structural design based on specifications he received 
from the constructor. The engineer also informed the 
concreters about the structural specifications, as the details 
could affect construction of the foundations. The constructor 
and their engineer were the most influential and active 
participants during the interactions. The constructor was the 
source of constructability knowledge while the engineer took 
care of the technical design. 
 
Dc04b Direction of columns 
The direction of columns was specified to 
achieve efficient material usage. The 
direction of the end columns was decided 
so that the forces caused by the heavy 
weight of the spine trusses were aligned to 
the strong direction of the column sections 
resulting in smaller column sections and 
improving material usage. Similarly, the 
perimeter columns ran in the same 
direction as girts. 
Two-way interaction between the constructor and engineer 
took place during the decision-making. The engineer was 
responsible for detailed analysis and design of the structure. 
The constructor provided constructability insights. The 
engineer was the most influential participant and the active 
actor during the interactions. 
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Dc05b Temporary propping 
Temporary propping was required to 
ensure stability of the structure during the 
construction process. The propping 
needed to be designed to resist wind and 
seismic forces. Propping was required for 
a short period, until the first few portal 
frames were installed. The structure was 
designed to be self-supporting, so 
propping was not needed after erection of 
the first bay. 
The constructor’s engineer discussed with the constructor’s site 
manager the propping details and requirements for resisting 
wind and seismic forces. The construction sequence was also 
reviewed. The relevant information was communicated to the 
steel erectors by the constructor to ensure accurate execution of 
the construction process. The client’s engineer and project 
manager were less frequently involved in the interactions and 
had a checking and control role. After reviewing the details, 
the client’s engineer asked the constructor to add additional 
props for the columns to comply with the relevant code of 
practice. 
 
Dc14a Installation of columns 
A sequence of work was developed for 
erecting the structure (including the steel 
columns). Each structural member was 
assigned an ID number. Installation 
activities for the main building (dry store 
and ELA) progressed according to the 
plan. 
The constructor was central in the interaction network and 
maintained frequent and two-way communication with the 
subcontracors, client’s engineer and constructor’s engineer. At 
the same time, the constructor controlled the information 
exchanges by acting as a broker in the network. This position 
gave the constructor access to different sources of information, 
and at the same time enabled the constructor to distribute 
information in the network as needed. Thus, the constructor 
managed to coordinate the tasks, and update participants about 
progress and when new information was available. The 
constructor was the most influential and active participant in 
the network, and the interaction pattern was highly centralised. 
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Dc14b Installation of columns 
Due to misinterpretation of the column’s 
locations, a number of columns needed to 
be relocated on drawings. In addition, the 
changes made to door sizes caused further 
adjustments to the columns’ locations.  
The constructor was the central participant during the 
interactions. The constructor received information about the 
required changes from the client’s team. The constructor 
distributed this information to the engineer and subcontractors 
and engaged them in the decision-making. The majority of the 
interactions were between the constructor and engineer who 
made technical design variations. The subcontractors were 
mainly informed about the changes and occasionally provided 
practical expertise when needed. The main decision 
influencers, however, were the client (who specified 
requirements and changes) and the engineer (who made 
technical design modifications). 
 
Dc14c Installation of columns 
During construction, the client decided to 
extend the building by adding a new 
section for packaging products. To 
achieve this, a new structure needed to be 
erected to cover the new area. Thus, a 
number of new columns needed to be 
erected. 
The constructor’s team frequently interacted to find out how to 
best address the client’s request (to add the new section) with 
minimal changes to the existing structure. The constructor 
maintained a central role and frequently interacted with all 
participants receiving information from different sources, and 
distributing information within the network. While the client’s 
team engaged in a collaborative pattern of interaction (with 
direct ties between themselves), the interaction pattern between 
the constructor’s teams was centralised with the constructor 
acting as the most central and active participant, and 
controlling the exchange of information. The client (from the 
demand-side) and the constructor and the engineer (from the 
supply-side) exerted the highest influence on the decsion 
outcome. 
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Df01 Foundation type 
Different options were considered for the 
foundation system, including pile 
foundations and pad foundations. Factors 
impacting the decision outcome included 
the site (and soil) conditions, cost and 
constructability factors. It was decided to 
use pad foundations to support the 
columns. 
The constructor and their engineer exchanged information 
frequently. While the engineer undertook the structural 
analysis and specified technical requirements of the foundation 
system, the constructor mainly considered constructability and 
cost factors associated with different design options. The 
frequent and two-way interaction between the constructor and 
their engineer enabled consideration of technical, 
constructability and finantial factors during the decision-
making. The final design solution was communicated to the 
client’s engineer by the constructor. 
 
Df02 No. of foundations 
The number of pad foundations was 
decided with consideration of the columns 
layout. Thus, four rows of pad 
foundations were designed to support the 
structure. 
The constructor’s engineer performed the structural analysis 
and specified the design details (dimensions, concrete 
specifications, etc.) and the arrangemet of the pad foundations. 
The constructor provided expertise about the construction 
process requirements. The frequent and two-way interaction 
between the constructor and their engineer enabled 
consideration of both technical and constructability aspects. 
The constructor’s engineer had the highest influence on 
shaping the design solution, followed by the constructor. The 
constructor informed the client’s engineer about the design 
solution. 
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Df03 Excavation 
Constructability and WHS concerns were 
raised in relation to working inside the 
excavation holes, which exposed workers 
to hazards associated with cave-in and soil 
collapse. Subsequently, it was decided to 
enlarge the foundation pads and eliminate 
the reinforcement. Thus, larger holes 
needed to be excavated, but there was no 
need for workers to enter excavation 
holes. 
The constructor raised concerns about constructability and 
WHS related to the original foundation design. To address 
these concerns, the constructor’s engineer redesigned the 
foundations and attempted to eliminate the reinforcement. The 
frequent and two-way interactions between these two 
participants ensured the inclusion of their knowledge, and 
consideration of technical, constructability and WHS 
requirements during the decision-making. The design outcome 
was communicated to the client’s engineer by the constructor. 
Both the constructor and their engineer were highly involved 
(and influential) in the decision-making. 
 
Df04a Pad layout 
Pad layout was decided based on the 
layout specified for the columns early in 
the design process. 
The constructor and their engineer were highly involved in 
deciding the outcome. The interactions were two-way but not 
frequent. The decision was mainly made with consideration of 
the information already known by participants about the 
columns layout; thus, fewer interactions took place during the 
decision-making. The constructor was the point of contact 
between the two other participants. 
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Df04b Pad layout 
Variations to the columns layout, as well 
as adding new columns for the packaging 
area, resulted in modifications to the 
foundation layout. Additional pad 
foundations were required to support new 
and relocated columns. 
The client and constructor’s engineer had the highest decision-
making power (i.e., the greatest influence on the outcome). On 
the other hand, the constructor was the most central and active 
participant during the interactions. The constructor was the 
connection point between the client’s team, engineer and 
subcontracor. The client initiated the changes, while the 
constructor’s engineer undertook technical design 
modifications. Involvement of the subcontractor ensured the 
concreters were informed about the changes, and the potential 
practical issues from their perspective were included in the 
decision-making (that is, were communicated to the influential 
decision-makers). The client’s engineer was the main point of 
contact for the client’s team and ensured the inclusion of 
operational requirements in the decision-making. 
 
Df05 Column connection 
The hold-down bolts connecting the 
column baseplates to the foundations were 
cast into the concrete. This eliminated the 
need for drilling into the concrete to 
install the bolts in the future. The bolts 
were kept in position using a jig which 
was placed over the excavation, allowing 
workers to adjust the position of bolts 
without getting too close to the 
excavation. 
The decision was made by the constructor and their engineer 
with two-way but ocasional information exchanges between 
them. The constructor’s engineer developed the technical 
connection details (e.g., bolt sizes and specifications, and the 
depth they needed to reach into the concrete). The constructor 
provided constructability expertise, such as the installation 
method and adjustment of bolts. 
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Df13a Pad footings 
The pad foundations were constructed 
based on the design details and 
specifications, and according to the 
construction sequence planned. 
Two-way interactions, which occurred several times per 
month, between the constructor and concreter ensured 
construction of foundations progressed according to the design 
specifications and plans, and potential construction and 
recourcing issues were addressed as they arose. The 
constructor was the main decision-maker, while the concreters 
performed construction activities and informed the constructor 
about the progress and the issues they faced.  
Df13b Pad footings 
Variations to the pad layout, which were 
caused by modifications to the columns 
layout and the late decision to install 
additional columns, resulted in extra work 
to excavate for and construct new pad 
foundations. 
The client and constructor’s engineer had the greatest power to 
shape the decision outcome. The client initiated the changes, 
while the constructor’s engineer undertook technical design 
modifications. The constructor was the most central and active 
participant during the interactions, and was the connection 
point between the client’s team, engineer and subcontracor. 
The subcontractor’s involvement ensured that concreters were 
informed about the changes, and that their perspective was 
included in the decision-making and was communicated to the 
influential decision-makers. The interaction pattern between 
the client, client’s engineer and constructor was indicative of a 
collaborative information exchange between them; that is, a 
closed structure with two-way, direct and similarly strong ties 
between them. On the other hand, the constructor’s engineer 
and concreters relied on the constructor to transmit the 
information between them and the rest of the participants. 
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With regard to the interaction patterns that underpinned the key decisions in this case, 
different groups of decisions were identified: 
• Decisions about the layout and direction of columns, type and arrangement of 
foundations, and the framing structure (Dc01a, Dc03, Dc04b, Df01, Df02 and Df04a) 
involved frequent interactions between the constructor and constructor’s engineer. In 
addition, a relatively low frequency of information exchanges existed between the 
constructor and client’s engineer during most of these decisions. The constructor’s 
engineer and constructor were influential during these decisions: that is, they had the 
highest decision-making power compared to the other participants. Furthermore, the 
interaction patterns were mostly centralised with the constructor occupying a central 
position in the network. 
• The decision-making about the structural details and construction methodology (Dc05b, 
Dc14a, Dc14b, Df03, Df05 and Df13a) generally involved more participants from both 
the client’s and constructor’s sides. The constructor and constructor’s engineer were the 
most influential participants in most of these decisions, although occasionally the project 
manager and client possessed high decision-making power (in Dc05b and Dc14b). The 
interaction patterns included a collaborative tie arrangement (evidenced by closed 
triangular configurations) between the client’s team and constructor, as well as a 
centralised tie arrangement between the constructor, constructor’s engineer and 
subcontractor. The constructor was the central participant during the interactions and the 
subcontractors were mostly involved in the communication. These decisions mostly had 
positive impacts on WHS and constructability. 
• The revised decisions resulting from the client’s design changes (Dc01d, Dc14c and 
Df13b) were underpinned by a high number of participants including the client, client’s 
engineer, constructor, constructor’s engineer and subcontractors. High frequency of 
information exchange occurred when making these decisions, and the constructor was the 
central actor acting as a broker. The client and constructor’s engineer had the highest 
decision-making power. 
 
4.5.3 WHS outcomes 
The hazards in this case were mainly associated with working at height, working inside or 
close to excavated areas, and lifting, moving and installing large and heavy structural 
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members. Although the client’s team predominantly focused during concept design on the 
facility’s end-use and operational requirements, after involvement of the constructor more 
attention was paid to the construction process and the WHS of the people involved. 
The decision to reduce one row of columns reduced the amount of work and time required to 
excavate the soil, pour concrete, lift columns sections and install them. This, in turn, led to 
less exposure of workers to hazards associated with these activities, such as fall from height, 
being struck by object or equipment, and caught in or compressed by equipment or objects. In 
addition, workers’ exposure to electricity and overexertion, and bodily reaction to repetitive 
activities, was greatly reduced. 
Planning the construction process, and accounting for the construction sequence as part of the 
structural design, led to a safer erection process and significantly reduced the risk of 
structural collapse during construction. Similarly, designing the structure to be self-
supporting, as soon as the first bay was erected, significantly reduced propping and 
temporary works to hold the structure during the construction process. Consequently, workers 
were less exposed to hazards associated with manual handling, lifting and installing props. In 
addition, the construction area was free from obstacles, and the risk of hitting the props 
leading to structural collapse was greatly reduced. 
The foundation design which allowed for elimination of the reinforcement, and installation 
and adjustment of the baseplate anchor bolts from outside the excavation, greatly improved 
construction WHS. This design solution did not require workers to enter, or work in 
proximity of, the excavated areas to install reinforcement and anchor bolts. Consequently, 
workers were not at risk of being caught in or compressed by soil due to soil instability. 
Furthermore, the decision to cast in the anchor bolts eliminated the need for drilling into the 
concrete later, and eliminated workers’ exposure to overexertion and bodily reaction to 
vibration and repetitive tasks. 
Overall, constructability and WHS considerations during the design process facilitated 
implementation of mostly technological WHS risk controls in the construction stage. Detailed 
assessment of WHS hazards controls in this case is provided in Table 4.12. The average HOC 
score indicates a good level of WHS performance for this case. The assessment indicates the 
decisions made during the design process generally led to the “substitution” of hazards 
associated with lifting and moving heavy objects, “elimination” or “substitution” of fall from 
height hazards, and “elimination” or “substitution” of hazards related to being caught in and 
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compressed by collapsing structure and materials. Overexertion, bodily reaction and exposure 
to electricity, all associated with frequent construction activities, were mainly addressed by 
“administrative” and “PPE” controls.  
The client’s late design changes (adding a packaging area to the facility) resulted in extra 
work and increased workers’ exposure to hazards which the installation and construction 
activities involved. Nevertheless, the same construction methods and activities were 
performed for construction of the new section and the extra work did not involve new 
hazards; thus, the hazard controls put in place for constructing the main building were still 
effective in addressing the hazards relating to construction of the new section. 
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Table 4.12: Assessment of WHS hazard controls for construction of the foundation system and steel structure 
Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Erecting steel 
columns 
Maintain access around the 
work area 
Struck by object or equipment Sequence of work using computer 
modelling to ensure constructability and 
safe erection 
Administrative 2 
3.37 
Erecting steel 
columns 
Ensuring stability of the 
structure during “temporary” 
construction loading 
conditions 
Struck, caught, or crushed in 
collapsing structure, equipment, 
or material 
Structural design account for construction 
sequencing, adding construction sequence 
schedule to structural drawings, 
considering temporary construction loads 
in structural design, structural engineer 
undertakes periodic inspections 
throughout construction 
Substitution 4 
Erecting steel 
columns 
Lifting steel columns using 
crane and manoeuvre into 
position 
Struck by object or equipment 
Reducing number of columns (eliminating 
an entire row of columns in the design) 
Substitution 4 
Erecting steel 
columns 
Lifting/erecting steel sections 
in position and connecting 
them together 
Struck, caught, or crushed in 
collapsing structure, equipment, 
or material 
Designing sections to be self-supporting 
during erection, starting erection at one 
end of the structure and moving 
progressively to the other end 
Substitution 4 
Erecting steel 
columns 
Welding steel section 
Exposure to electricity Using PPE, stop working during wet 
weather 
Administrative 2 
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Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Erecting steel 
sections 
Erecting steel sections/general 
work 
Struck, caught, or crushed in 
collapsing structure, equipment, 
or material 
Propping temporary structures as an 
ongoing construction safety procedure 
due to potential seismic activity in the 
area 
Engineering 
Control 
3 
Erecting steel 
sections 
Unhooking steel members 
from crane hook at height 
Falls to lower level Using height access equipment, SWMEs 
and induction 
Engineering 
Control 
3 
Erecting steel 
sections 
Lifting steel members using 
mobile cranes 
Struck by object or equipment Mobile Crane Induction for personnel and 
operators, ensuring crane is fit to purpose, 
inspecting chains/slings prior to use, 
ensuring adequate ground clearance for 
loads while in transit 
Administrative 2 
Erecting steel 
sections 
Lifting steel members using 
mobile cranes 
Struck, caught, or crushed in 
collapsing structure, equipment, 
or material 
Ensuring proper use of crane to avoid 
crane collapse, ensuring ground condition 
and bog mats are suitable and stable, 
considering and observing lifting limits at 
all times, monitoring wind condition 
Administrative 2 
Erecting steel 
sections 
Propping of temporary 
structures 
Fall, slip, trip 
Overexertion due to manual 
handling 
Constructing the structure in self-
supporting sections to minimise amount 
of temporary propping required, removing 
propping after completion of each span 
Substitution 4 
Erecting steel 
sections 
Installing safety mesh at 
height 
Falls to lower level Using height access equipment, PPE Engineering 
Control 
3 
Chapter 4 – Individual case description and analysis  
242 
 
Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Excavation 
Excavation to place pad 
foundations 
Caught in or compressed by 
equipment or objects 
Obtaining final geotechnical report, using 
machinery for excavation, creating 
exclusion zones 
Administrative 2 
Excavation 
Excavate square sections for 
pad foundations 
Falls to lower level Excavation from ground level using 
excavator, no need to enter or work near 
the excavation hole 
Elimination 5 
Excavation 
Using plant for excavation, 
mobile plant close to 
personnel 
Struck by object or equipment Personnel induction, visibility PPE, using 
licensed operators, signage, exclusion 
zones 
Administrative 2 
Foundation 
reinforcement 
Placing reinforcement steel 
mesh at the bottom of 
excavated holes for pad 
foundations 
Struck, caught, or crushed in 
collapsing structure, equipment, 
or material 
Changing the foundation design 
(dimensions) to eliminate reinforcement 
Elimination 5 
Foundation 
reinforcement 
Placing reinforcement steel 
mesh at bottom of excavated 
holes for pad foundations 
Fall, slip, trip 
Changing the foundation design 
(dimensions) to eliminate reinforcement 
Elimination 5 
Installing anchor 
bolts 
Drilling into concrete 
Overexertion and bodily 
reaction due to vibration, etc. 
Cast in bolts, no need for drilling Elimination 5 
Positioning hold-
down (anchor) 
bolts for column 
base connection 
Placing hold-down bolts for 
column base connection in 
position before casting 
concrete 
Falls to lower level Use a jig spanning the width of the 
excavation and extended past the 
excavation to keep the bolts in position 
and then casting concrete 
Elimination 5 Struck, caught, or crushed in 
collapsing structure or material 
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Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Pouring concrete 
Using concrete pump to pour 
concrete, high pressure 
release of concrete 
Struck by object or equipment 
Developing SWMS, workers induction, 
PPE, regular testing and cleaning of 
pumps and lines 
Administrative 2 
Exposure to harmful substances 
or environments 
Overexertion and bodily 
reaction 
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4.5.4 Overall interaction and decision-involvement patterns and measures 
The pattern and the average frequency of interactions between the project participants during 
the design decision-making process are shown in Figure 4.11. The mean valued density for 
the network was 4.7% and the binary network density was 40.3% indicating a medium level 
of connectivity between the participants, since 40% of the potential ties were reflected in the 
actual information exchanges. The average value of existing ties was 0.59, the maximum tie 
value was 2.7, and 7 ties (24% of the existing ties) had a tie value of at least 1 indicating 
occasional interactions between the two participants, on average, over the design process. 
The most frequent interactions took place between the constructor and constructor’s engineer, 
between the constructor and client’s engineer, and between the client and client’s engineer. 
These participants were the decision-makers for the three main project stages: that is, 
construction, design and end-use (commissioning). The constructor also actively sent 
information to the steel erectors and concreters. 
Regarding the distribution of node centrality within the network, the values for both out-
degree centralisation and in-degree centralisation were 0.67 indicating a quite centralised 
pattern of interaction between participants: that is, a few participants were relatively more 
central than others both in sending and receiving information. As the overall interaction 
pattern in Figure 4.11 shows, the constructor was the central participant who directly 
interacted with all the project participants. 
Considering the individual nodes in the network, the average values for both in-degree and 
out-degree centrality were 3, showing that the participants on average interacted with three 
other participants during the design process. The constructor was the most central participant, 
with in- and out-degree centrality value of 8. The constructor’s engineer received information 
from the constructor and sent information to the constructor and concreters. 
Overall, the network pattern reflects a central role for the constructor who interacted directly 
with all participants. In addition, information exchange between “demand-side” participants 
(client, client’s engineer, and project management consultant) and “supply-side” participants 
(constructor’s engineer, checking engineer, and building surveyor) was mainly through the 
constructor, although the project manager established a weak tie with the steel erectors. 
Benefitting from a central role, as well as establishing direct connections with all the actors, 
the constructor had access to different sources of expertise and information within the 
network and was able to control the information flow and engage different participants as 
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required. The constructor and constructor’s engineer frequently exchanged information 
during the decision-making process for the majority of key decisions. The concreters and 
steel erectors directly interacted on one occasion regarding installing columns when 
addressing the client’s change request (Dc14c). In other decision-making scenarios, the 
subcontractors relied on the constructor as the connection point and distributor of information 
between participants. 
 
Figure 4.11: The overall pattern of interaction during the design decision-making process 
The involvement of project participants in making design decisions is captured by the 
bipartite network in Figure 4.12. In this network, each link between a participant and a 
decision shows the participant was influential in shaping the decision outcome: that is, the 
participant possessed power to shape the decision outcome. 
On average, each decision was made with the involvement of nearly 4 participants (average 
degree centrality for decisions was 4.03). Making decisions about adding the packaging area 
to the facility and extending the structure (D00b), relocating existing columns and additional 
columns at the end of building (Dc01c), and installing additional columns for the packaging 
area (Dc14c), involved the highest number of participants (each involved seven participants) 
in comparison to the other decisions. In addition, six participants were involved in decisions 
about columns layout: that is, the design and inclusion of additional columns for the 
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packaging area (Dc01d), relocating existing columns at Western side of the structure to 
comply with client’s operational requirements (Dc14b), and changes to the location of 
columns at the northern end to accommodate new openings (D23a). All these decisions were 
made in response to the client’s request for changes to the building layout and operational 
(end-use) requirements. 
 
Figure 4.12: The overall pattern of involvement in the design decision-making 
On average, project participants were involved in 14 decisions (the average degree of 
centrality for participants was 14.33). The constructor had the highest level of involvement in 
the design decision-making (having decision-making power in 30 decisions) in comparison to 
other participants. Only two key decisions were made without the constructor’s involvement. 
These were the decision about the building footprint and the layout of columns when 
developing the concept design (D00a), and the tender evaluation and constructor’s selection 
(D007). The second influential participant was the client’s engineer with involvement in 27 
decisions. The constructor’s engineer was involved in 26 decisions.  
It is noteworthy that these three participants were responsible for three important aspects of 
the design. The constructor focused on the construction process and improving the 
constructability, WHS and managing cost, time and quality. The client’s engineer ensured the 
client’s operational and end-use requirements were properly addressed while meeting the 
cost, time and quality targets. The constructor’s engineer was in charge of technical design 
and structural stability of the building. 
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The involvement of the subcontractors (steel erectors and concreters) in one-third of the 
decisions (10 and 11 decisions respectively) was noteworthy. Their engagement mainly 
addressed design variations and implementing changes to the construction process. In 
particular, the steel erectors were involved in decisions addressing changes to building 
footprint (D00b) and the layout of columns (Dc01d), changes to location of columns on the 
northern side to accommodate new openings (D23a and Dc01c), erecting columns (Dc14a), 
relocating columns on the western side (Dc14b), installing additional columns for the new 
packaging area (Dc14c), revisions to temporary propping of columns (Dc05b), and material 
supply (D12). Similarly the concreters were involved in the decision-making on changes to 
the building footprint (D00b) and layout of columns (Dc01d), changes to the location of 
columns on the northern side to accommodate new openings (D23a and Dc01c), variations to 
the foundation layout (Df04b), erecting columns (Dc14a), relocating columns on the western 
side (Dc14b), installing additional columns for the new packaging area (Dc14c), excavating 
original and additional footings (Df13a and Df13b), and ordering construction material 
(D12). 
The external participants (building surveyor and checking engineer) had a low level of 
involvement in the decision-making process. Mainly these participants were involved in the 
design review during the process of applying for the building permit. 
The original decision about building footprint (D00a) and contractor selection (D07) only 
involved demand-side participants. On the other hand, only supply-side participants were 
involved in detailed design decisions about the direction of columns (Dc04a and Dc04b), 
column connections to the foundations (Df05), constructing the foundation (Df13a) and 
attaching bearing plates to columns to assist the installation of the trusses (Roof structure-
D17). All other decisions involved participants from both supply and demand sides. 
 
4.5.5 Multilevel network analysis 
The parameter estimates for ERGMs are presented in table 4.13. In model 1, all the 
information exchanges between the participants were included. Model 2 only included the 
information exchanges which were important for making decisions (i.e., the information 
exchanged was scored above 2 regarding its importance for the decision-making). The 
models comprised both interaction-level (micro-level) effects and cross-level effects. The 
popularity spread, activity spread and cross-level connectivity spread effects were not 
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included in the models as they caused issues for model convergence. In addition, including 
multiple common affiliations effects (XACA and XACB) improved the goodness-of-fit ratios.  
In both models, parameter estimates converged. Moreover, the goodness-of-fit check showed 
both models were capable of reproducing the properties of the observed network well. In both 
models, absolute values for the goodness-of-fit ratios were well below suggested thresholds: 
that is, ratios were less than 0.1 for fitted effects and less than 1 for unfitted effects. The 
significant estimates in Table 4.13 are marked with a * and indicate the associated 
configurations were observed more than anticipated (if the parameter value had been 0), 
given the other effects included in the model. 
Table 4.13: Parameter estimates for the ERGMs 
Effects Model 1 Model 2 
Interaction-level effects   
Arc -52.6006 (72.794) -24.9839 (22.819) 
Reciprocity 94.676 (145.343) 35.5347 (44.177) 
Two-path [TwoPath] -1.3165 (0.715) -1.7655 (0.79)* 
Transitive closure [AT-T] 1.3657 (2.917) 2.014 (2.298) 
Cyclic closure [AT-C] -0.2188 (2.852) -0.1126 (1.91) 
Multiple connectivity [A2P-T] 2.3317 (1.968) 2.9526 (1.278)* 
Cross-level effects   
Cross-level edge [XEdge] -3.1953 (0.518)* -3.2317 (0.489)* 
Cross-level 3-star connectivity [XStar3A]   0.0084 (0.023) 0.014 (0.028) 
Cross-level 3-star connectivity [XStar3B] -0.0027 (0.003) -0.003 (0.003) 
Multiple common affiliations [XACA] -0.8665 (0.391)* -0.9228 (0.417)* 
Multiple common affiliations [XACB] 0.4066 (0.156)* 0.4105 (0.15)* 
Affiliation-based closure arc [TXAXarc] 1.4771 (0.287)* 1.4597 (0.259)* 
Alternative affiliation-based closure arc [ATXAXarc] -2.3347 (0.753)* -2.2633 (0.707)* 
Affiliation-based closure arc [TXBXarc] 0.1676 (0.384) 0.1275 (0.369) 
Affiliation-based closure reciprocity [TXBXreciprocity] 0.3788 (0.724) 0.5331 (0.702) 
Alternative affiliation-based closure arc [ATXBXarc] 25.6459 (37.72) 11.4523 (12.094) 
Alternative affiliation-based closure reciprocity 
[ATXBXreciprocity] -48.1962 (75.38) -19.8552 (24.166) 
Cross-level alignment entrainment [C4AXBentrainment] -0.0866 (0.032)* -0.0921 (0.033)* 
Cross-level alignment reciprocity [C4AXBreciprocity] 0.2986 (0.295) 0.3898 (0.345) 
* Indicates significant estimate. 
Standard errors are provided in brackets. 
Network A is decision-level (macro-level) network. Network B is interaction-level (micro-level) network. 
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Regarding the effects at social interaction-level (micro-level), estimates for two 
configurations were significant in model 2. The positive and significant parameter estimate 
for the multiple connectivity effect in model 2 indicates open two-path configurations were 
likely when considering the exchange of important information. Thus, there was a tendency 
for the participants to exchange important information indirectly through multiple others. 
This effect was above and beyond other effects, including path closure, and tended to 
increase the length of interaction paths between the participants. 
The significant and negative parameter estimate for two-path effect in model 2 suggests a low 
level of correlation between in-degree and out-degree centrality in the network when 
exchanging important information. Thus, there was a lack of balance between sending and 
receiving important information by the participants, and some participants were more active 
in sending information to other participants than receiving information from them, while 
some participants received information from more participants while sending less information 
themselves. 
Considering the cross-level effects, the positive and significant estimate for multiple common 
affiliations (XACB) effect reflects that the highly participated decisions (decisions which 
involved several decision-makers) tended to involve common participants. On the other hand, 
the negative and significant estimate for multiple common affiliations (XACA) indicates the 
influential participants did not tend to be involved in many common decisions. Together, 
these effects suggest that, while there was a tendency for participants to be jointly involved in 
decision-making, this tendency reduced as the number of decisions increased: that is, the 
participants did not tend to be jointly involved in several decision-making scenarios. 
The positive and significant parameter estimate for affiliation-based closure (TXAXarc) 
indicates participants’ tendency to be directly involved in making sets of interdependent 
decisions. In addition, the negative and significant estimate for cross-level alignment 
entrainment (C4AXBentrainment) indicates a low tendency for individuals to interact directly 
when involved in different, but interdependent, decisions. Considered together, these effects 
suggest the interdependent decisions in this case were more likely to be made through direct 
involvement of a number of common participants. These effects were significant when 
considering all the interactions (model 1) as well as the important information exchanges 
(model 2). This indicates associated information was transferred between dependent 
decisions through direct involvement of relevant individuals (with power to influence 
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decision outcomes), rather than only through interaction between them. Put differently, direct 
involvement of participants was the prevalent means of information transfer between 
dependent decisions, rather than direct communication between participants. Hence, if 
participants had power to influence a decision-making scenario, they were more likely to be 
also involved in (and have the power to influence) the outcomes of other (technically) related 
decisions. Therefore, local clusters within the multilevel network were likely to form 
consisting of technically-related decisions and the common participants who were involved in 
making those decisions. However, the negative and significant estimate for alternative 
affiliation-based closure (ATXAXarc) suggests it was not likely for dependent decisions to 
share several common decision-makers; thus, while the tendency to be involved in making 
interdependent decisions was high for individual participants, this tendency greatly reduced 
for groups of participants. In other words, a few key participants tended to be the common 
decision-makers for the dependent decisions. 
 
4.5.6 Findings from case D 
Different aspects of design decision-making, and the associated information exchanges in this 
case, were analysed. Combining the analyses, results and viewpoints from previous sections, 
a number of characteristics were identified. 
End-use requirements and compliance with health regulations were the main factors 
considered in the concept design. Nevertheless, the constructor’s team was given authority to 
make detailed decisions about the building design as well as the construction process. The 
D&C procurement approach, and the client’s willingness to leave the constructor’s team in 
charge of making/modifying the technical design and construction decisions, provided a 
favourable environment for including construction expertise in the decision-making process. 
Thus, constructability and WHS considerations were an integral part of the design decision-
making from the time the constructor was involved in the decision-making. Some examples 
are decision about the columns layout and eliminating one row of columns (Dc01a), attaching 
bearing plates to the columns for temporary support of roof trusses during installation (Roof 
structure-D17), eliminating reinforcement for the foundations during the design (Df03), and 
the decision to cast-in baseplate anchor bolts and use a jig to fix them in place from outside 
the excavated area (Df05). Overall, the constructability and WHS considerations during the 
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design process facilitated implementation of mostly technological WHS risk controls in the 
construction stage. 
The client’s team defined and communicated their requirements to the design and 
construction participants early in the design process by developing the concept design. 
Reviewing end-use and operational features of similar production facilities helped identify 
and articulate these requirements. The client’s team remained involved in the design process 
by putting in place a formal design approval process and participating in regular design 
review meetings fortnightly. In addition, the client’s engineer (as the client’s technical 
consultant) participated in interactions underpinning most key design decisions, as evident 
from the interaction networks for the design decisions in Table 4.11. These arrangements 
ensured the client’s objectives and requirements were considered during the design process. 
They also enabled identification of potential issues and misunderstandings, and amendment 
of plans, early in the process, so preventing major problems and rework at construction stage. 
An example is amending the location of columns on the building’s western side. The 
amendment was required due to the constructor’s misinterpretation of the tolerance distances 
specified in the concept design. The issue was identified during the design review and 
discussions between the constructor and client’s engineer.  
Early involvement of the constructor in the project provided the constructor with the 
opportunity to input their constructability knowledge and experience to the decision-making 
from early design stage (as early as defining the layout of columns), and to make design 
choices aligned with their construction expertise and experience. Examples include using 
steel columns with trussed roof members, off-site manufacture of structural members, and 
design of pad footings with no reinforcement. From a WHS perspective, these decisions 
eliminated risks such as electrocution and being caught in collapsing material, and reduced 
exposure to work at height and manual handling.  
Integrated design and construction decision-making were pursued over the design process. 
This was done by considering the construction process when making decisions about the 
building’s structural features. Thus, the construction process was planned in conjunction with 
the structural design process. For instance, the sequence of activities planned for safely 
erecting the structure kept crane movements within safe distance, and the structure was 
designed so that each section was self-supporting to reduce the amount of propping and 
temporary works. Similarly, the design of columns included temporary supports for the roof 
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trusses, making the erection process easier and safer. These decisions had positive WHS and 
constructability impacts. 
Frequent and two-way information exchanges between the designer and constructor were an 
important factor integrated design and construction decision-making. The two-way 
interactions started as early as deciding the layout of columns (Dc01a) and foundations type 
(Df01), and continued over the design process. Reciprocal and frequent interactions between 
the constructor and constructor’s engineer underpinned almost all key design decisions as 
indicated in Table 4.11. In addition, the overall communication pattern in Figure 4.11 
indicates the most frequent information exchanges took place between the constructor and 
constructor’s engineer. 
Early engagement of the subcontractors in the design decision-making was also noteworthy. 
The steel erectors and concreters were involved in the information exchanges as soon as the 
arrangement of columns (Dc01b) and pad foundations (Dc04b) were decided. Moreover, as 
indicated by the interaction networks underpinning the key design decisions (Table 4.11), the 
subcontractors remained involved in the decision-making process and influenced the 
outcomes of almost one-third of the key decisions. Their input generally assisted to optimise 
material usage, to decide on the construction process when making design decisions, and to 
address design variations when construction was already underway. In particular, when there 
was a design change, the subcontractors were informed by the constructor to ensure they 
were up-to-date (e.g., when variations were made to the columns layout (Dc01d) and to the 
pads layout (Df04b, Df13b)).  
There was frequent interaction between the constructor’s engineer, constructor and client’s 
engineer when making key decisions. Based on the overall interaction pattern, the most 
frequent information exchanges took place between these three key participants, with the 
constructor acting as a broker during the information exchanges. These participants were the 
decision-makers for the three main project aspects: that is, design, construction and end-use 
(commissioning). Therefore, regular interaction between them ensured a cooperative 
decision-making approach which facilitated the consideration of requirements of different 
project phases. In addition, the design process involved a quite centralised pattern of 
interaction between participants. The pattern reflects a central role for the constructor who 
interacted directly with all participants; thus, the constructor had access to different sources 
of expertise and information within the network and was able to control the information flow 
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and engage different participants as required, using their expertise to improve different 
aspects of design and construction. Nevertheless, there were occasions when timely 
communication between the constructor and client’s team was not achieved (e.g., propping 
and temporary works). As the data indicated, this issue was due mainly to the constructor 
feeling they were fully capable of designing and installing the temporary works; thus, the 
constructor did not see a necessity for involving other participants, while the client’s team 
had concerns about the effects earthquake loads could have on the design of temporary works 
and wanted to check temporary works details. 
Late design variations were made in response to the client’s request for changes to the 
building layout and operational (end-use) requirements. Although the changes did not 
introduce new WHS risks, they led to more work and increased workers’ exposure to existing 
hazards such as falling from height, being struck by objects and material, and overexertion 
and bodily reaction. The client acknowledged that time pressure for project completion was a 
factor encouraging commencement of the construction process when design work was not 
complete, resulting in variations to the design during construction. Nevertheless, the design 
changes were dealt with collaboratively to find the best way to address the changes with 
minimal impact on the construction process. For example, making decisions about adding the 
packaging area to the facility and extending the structure (D00b), relocating existing columns 
and additional columns at the end of building (Dc01c), and installing additional columns for 
the packaging area (Dc14c), involved the highest number of participants in comparison to 
other decisions. Similarly, a higher number of participants were involved in decisions about 
columns layout: that is, designing and including additional columns for the packaging area 
(Dc01d), relocating existing columns at the western side of the structure to comply with the 
client’s operational requirements (Dc14b), and changing the location of columns on the 
northern end to accommodate new openings (D23a). Overall, the constructor, client’s 
engineer and constructor’s engineer had the highest level of involvement in the design 
decision-making. Allowing the constructor to influence (provide input to) design changes was 
particularly helpful. For instance, when deciding to add a new section to the building, the 
client’s team asked the constructor’s opinion about the area for the new packaging section. 
Regarding the pattern of involvement in decision-making, detailed multilevel network 
analysis indicated a significant and positive affiliation-based closure effect, suggesting a 
match between participants’ expertise and decision dependencies and, more importantly, 
empowering participants to directly influence the decision outcomes when their skills were 
Chapter 4 – Individual case description and analysis  
254 
 
relevant. This also facilitated an efficient and direct transfer of knowledge and expertise 
between technically dependent decisions. An important finding was that involving 
participants with relevant expertise in decision-making, both through interaction and by 
having the power to influence the outcomes of related decisions, was prevalent (and 
significant) during the design decision-making. 
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  Case E – Construction of basement mausoleum 
Summary of case E 
Case 
description 
The case involved the design and construction of a basement mausoleum. The project was 
procured using a traditional (design-bid-build) approach. The site was surrounded by existing 
graves and established trees. The client engaged an architect and an engineer to develop the 
design. A deep excavation was required. To retain the soil, a retaining wall and bored concrete 
piles around the perimeter of the excavation were to be constructed. External propping using 
ground anchors would prevent wall rotation and the exposed soil between the piles would then 
be retained using shotcrete. The construction of the permanent works could then commence 
from the “bottom-up”. 
 
After engaging with the project, the constructor proposed a safer “top-down” construction 
approach. The construction of a retaining system would start at ground level and progress as 
excavation continued in stages. The soil was retained using internal props which were large 
steel beams installed at the top of the excavation, spanning the width of the excavation and 
pushing back against opposing walls. This type of propping freed up the base of the 
excavation. In addition, the rock anchors were eliminated. The revised construction approach 
was significantly safer. Workers did not need to work in a confined space to remove the rock 
anchors. The props could be installed at ground level; thus, working at height was greatly 
reduced. The retaining wall could also work as formwork for one side of the basement wall, 
reducing the number of activities for construction of the basement wall. The new soil retention 
system and construction approach were devised by the constructor and a team of consultants 
and suppliers engaged by the constructor. 
Key 
findings 
• An overall good level of WHS performance was achieved in this case. The average HOC 
score was 3.95. 
• The constructor acted as a broker during the interactions and provided access to new 
specialist knowledge. 
• The client’s team’s positive attitude, and the client’s risk awareness, created a favourable 
environment for proactively involving the constructor’s team in decision-making and 
proposing innovative solutions to address constructability and WHS issues. This was 
within a traditional procurement setting which is normally considered less favourable than 
a D&C setting for facilitating a constructor’s input into design decisions. 
• The overall interaction pattern was relatively centralised due the highly central position of 
the constructor as the sole connection point and “boundary spanner” connecting the 
client’s team and the team of technical consultants. Nevertheless, the interaction pattern 
within each of these teams was highly connected with direct and two-way links and 
prevalent closed triangular configurations. These features suggest collaborative 
information exchanges within these teams.  
• The constructor, client’s engineer and architect had the highest decision-making power, on 
average, during the design process. 
• There was a match between participants’ decision-making power and decision 
requirements. Technical decisions were generally influenced by the technical consultants, 
while the constructor was more influential when making decisions about the construction 
methodology, and the client influenced the decisions about the scope of work and project 
requirements. 
• The information exchanges aligned with the information dependencies between the 
decisions. That is, where there was an information dependency between two decisions, at 
macro-level, the interaction pattern, at micro-level, facilitated the exchange of relevant 
information between the two decisions (evidenced by the positive and significant 
affiliation-based closure and cross-level alignment reciprocity effects). 
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4.6.1 Overview of case E 
This case study is about the design and construction of a basement mausoleum. A mausoleum 
was to be built in a cemetery in an Australian capital city. The objective was to maximise the 
number of graves in the cemetery which had very limited available area. The client 
nominated an existing car park for the construction of the mausoleum building. Based on the 
concept design, the structure was planned to accommodate 1077 crypts in two levels, with 
585 crypts located in the basement section and 492 crypts at ground level. The client used a 
traditional procurement method. Existing graves, a memorial garden and established trees, 
which needed to be protected, surrounded the site with a setback of just over 2m from the 
building. The project cost was estimated to be about A$9m. The project was to be executed in 
two separate stages. Stage one involved the construction of the basement and stage two 
included the ground level structure. This case study focuses on stage one. 
The client engaged an architect and a structural engineer to design the structure. The architect 
proposed an L-shape building plan, with the shape dictated by land availability. A service lift 
and two stairs at both ends of the building provided access to the basement from ground 
level. The construction of the basement mausoleum was completed in just over 1.5 years. 
 
4.6.2 The evolution of social interactions and the emergence of design decisions 
The original concept for the building was a two-storey structure above ground, and a 
basement. However, this concept was rejected by the heritage authority because the size and 
impact of the building was inconsistent with existing surroundings. After communicating 
with the authority, and based on its comments, the architect modified the concept design. The 
interactions at this stage were between the client’s team and the heritage authority which 
communicated with the architect and client. End-users’ representatives also interacted with 
the client. The new design specified two levels: that is, a single storey building with a 
basement. During development of the concept design, the client interacted with the regulatory 
authority and received information from end-users (the public representative) to ensure their 
requirements were considered in the design. The client engaged the architect and engineer to 
develop structural specifications and the building concept. 
In total, 585 crypts were located in the basement area. The crypts were arranged into twelve 
rows, with a void above the sixth row for electrical and mechanical services. The design 
assumed the basement would not be a public area and gatherings would be held at ground 
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level. However, the client informed the designers there was a possibility that the operational 
use of the basement area might change and become a public area. Accommodating this option 
required increasing the capacity of ventilation and services and providing proper access and 
exits to the basement, particularly disability access. The designers reviewed these 
requirements and made amendments to the design to ensure there was enough flexibility to 
meet the requirements. Changes were made to the size and shape of stairs, and to the capacity 
of ventilation and services to accommodate more people and ensure compliance with 
regulatory requirements. Fittings were built into the concrete crypts to allow for installation 
of granite finishes to improve aesthetics. The lift was also improved to be more aesthetically 
pleasing to visitors. Later, during the construction, the client decided to use the basement as a 
public area. Considering this requirement early in the design minimised extra work required 
to make this change. However, installing granite finishes required extra crane lifts, material 
handling and works. 
Based on the design, a deep excavation was required. This in turn, raised concerns about the 
ground water level. During construction, water could potentially enter the excavated area or 
cause soil instability and collapse. In addition, high moisture could be a problem for the 
basement area during the building’s use. To address the issues, the client’s designers had 
developed a construction methodology and temporary-works plan. Based on the 
methodology, a 1200mm over excavation of the site was required to provide some space 
behind the basement wall. Using this space, workers could then attach a waterproof 
membrane to the basement wall’s exterior face to prevent moisture affecting the basement. 
The over excavated space would then be backfilled and compacted. To stabilise the soil 
during the basement wall’s excavation and construction, a retaining wall was to be 
constructed around the excavation’s perimeter. The retaining wall consisted of bored piles 
and ground anchors which prevented the wall from toppling due to lateral soil pressure. The 
excavation would then be done up to 8.5m depth and shotcrete would be used to retain soil 
between the piles. After the excavation reached the required depth, the construction of the 
basement structure could be undertaken from the bottom-up. The basement wall was made of 
reinforced concrete poured in situ. Using the over excavated space between the basement 
wall and the retaining wall, workers could install and remove the basement wall formwork 
and attach the waterproof membrane. 
The constructor was selected through a tender process. Tender documents included 
information about site conditions, structure design and temporary works. The constructor was 
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encouraged to also make suggestions about the construction process. Once engaged, the 
constructor proposed an alternative construction methodology which was believed to be safer, 
quicker and cheaper. The constructor proposed to construct the retaining wall in stages as the 
excavation progressed from top to bottom. Then, the basement wall would be constructed 
using precast concrete panels. No gap was considered between the retaining wall and the 
basement wall. The constructor engaged a team of specialist consultants to develop details of 
the revised design and the temporary works required. The team included a propping engineer, 
piling engineer and capping-beam designer. Together, through frequent and direct 
information exchanges within their team, these technical participants coordinated and 
designed different parts of a new soil retention system which enabled the constructor to 
implement their revised construction methodology.  
Information about the original design, site conditions and the constructor’s requirement of 
using small machinery for excavation were provided to the piling engineer. The preliminary 
design of the soil retention system consisted of cantilever piles. This solution eliminated the 
need for propping and was in line with the constructor’s preference for no propping, so that 
machinery could move freely during excavation activities. However, further analysis 
indicated that while this approach was possible, it would be too costly to implement due to 
the required size and depth of the piles. Subsequently, spacing and depth of the piles were 
revised. The piling engineer provided pile details and associated loads to the constructor, 
propping engineer, and capping-beam designer. 
As part of the design revision, the constructor intended to eliminate the ground anchors. 
Installing the anchors could damage existing graves and heritage trees. Moreover, once the 
basement wall was constructed, the anchors needed to be de-stressed to make sure they did 
not create any hazard for future activities that might occur near the building. However, to de-
stress them, workers would need to enter the gap between the basement wall and the retaining 
wall, remove the anchor cap and de-stress or cut the steel rods. When cut, the anchors could 
react and hit workers. In addition, the process would expose workers to ergonomic hazards 
associated with working in a confined space. To eliminate these hazards, the constructor 
proposed using internal props. The props needed to be adequately designed to allow for 
staged excavation, and to provide enough clearance for construction machinery operating at 
the bottom of excavation. Based on previous experience, the constructor proposed to use 
Megaprops which consisted of large steel beams at the top and spanning the width of 
excavation. A capping beam was required running around the top of the excavation to tie in 
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all the piles and transfer the force of the Megaprops to the top of the piles, preventing them 
from inclination and toppling. This propping system, unlike normal propping systems, did not 
anchor back to the bottom of the excavation, providing an unobstructed working area at the 
bottom and allowed for continuous excavation. Installing Megaprops involved lifting heavy 
and large elements; however, using Megaprops improved WHS by eliminating the need to 
work in the deep and unprotected excavation when installing temporary props. The 
possibility of hitting the props while working at the bottom of excavation was eliminated, as 
were manual handling issues related to installing normal props. In addition, there was no risk 
that machinery might hit the temporary props during the construction causing soil to collapse 
into the excavation. Thus, workers were no longer exposed to the hazard of being struck, 
caught, or crushed by collapsing material. Based on the constructor’s requirements, the 
propping engineer designed Megaprops that could be spaced up to 5m apart. In addition, 
based on suggestions from the Megaprops supplier, lifting points were considered for the 
props to ease installation of the heavy props, and details for the installation process were 
included in the drawings. 
While early design estimates indicated an approximate width of 1m for the capping beam, 
based on details for the piles and props, the engineer realised that a 2m wide capping beam 
was required. A capping beam with these dimensions could not be accommodated along the 
western boundary of excavation site. At the same time, the constructor believed it was 
cheaper and easier to increase the number of props and piles than to increase the capping 
beam dimensions. Consequently, the spacing of piles and props was reduced and a 1m wide 
capping beam designed. This revised design for the retaining system still allowed the 
constructor to use small machinery for excavation and implement their staged construction 
process in a safe manner. The revised construction method also provided better continuity of 
work and workers did not need to work in a confined space behind the basement walls. 
To connect the props to the capping beam, specific connection brackets were designed to be 
installed on the internal face of the capping beam. These brackets needed to be removed after 
the construction of the basement wall was finished and the props dismantled. Removing the 
brackets would leave a void which then needed to be sealed, using a waterproof membrane, 
and restored with concrete. This caused additional work and exposed workers to hazards 
associated with manual handling and working at height. To avoid these issues, it was decided 
to install the brackets on top of the capping beam. Each connection plate was cast into the 
beam when pouring concrete. This approach eliminated the need for drilling into the concrete 
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to install the brackets. Moreover, each connection plate was designed with a lip that 
temporarily supported the props once they were lowered onto the connection plate. The 
connection holes could easily be aligned and the bolts could be installed without the need for 
a crane to hold props in position until it was fixed at both ends. In addition, no rehabilitation 
work was required after removing the props and brackets. 
The revised design and methodology were reviewed by the client’s structural engineer. The 
engineer raised some concerns about waterproofing the construction joints between the wall 
precast panels. An alternative option provided by the engineer was to construct the walls in 
situ and use the retaining wall as the formwork for the wall’s external face. Using this 
method, the waterproof membrane could be attached to the face of the retaining wall prior to 
the construction of the basement wall, and there was no formwork required; hence, there was 
no need to leave a gap behind the basement wall for access. This approach still eliminated the 
need to work in a confined space and achieved the engineer’s waterproofing requirements. 
However, the approach involved extra work associated with in situ construction, including 
scaffolding and formwork which, in turn, involved working at height and manual handling. 
The area close to the eastern boundary adjoining the heritage listed trees was excavated solely 
by hand to ensure tree roots were not damaged. Excavation was done in 2m deep steps. 
Significant manual handling was involved in excavation activities due to site conditions. 
During the construction stage, the client requested public access to the basement area as a 
visitational mausoleum. As already planned, and for consistency with other parts of the 
cemetery, granite lining and finishes were required for internal concrete walls and exposed 
crypts. The size of granite finishes was approximately 600mm by 800mm for single crypts 
and 1400mm by 800mm for double crypts. A crane was used to lift and lower granite sheets 
to basement level through a lift shaft. A casket lifter, which had already been installed to lift 
and place coffins into the crypts during use of the area, was used to lift and move granite 
sheets and fit them into position. Consequently, there was no need for workers to manually 
handle the sheets, to work off ladders, or build scaffolds to install the granite sheets. In 
addition, anticipating the installation of granite finishes, fixtures had already been installed 
into the concrete facing of each crypt. Thus, workers did not need to drill into the concrete 
when installing the granite sheets. However, workers still needed to manually install the large 
and heavy sheets, exposing them to ergonomic hazards due to manual handling, lifting, 
adjusting and holding the sheets. Moreover, during crane lifts, workers needed to stand at the 
bottom of the lift shaft to guide the crane driver to ensure the load did not hit the shaft walls 
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and granite sheets were not damaged. Thus, workers were exposed to hazards such as being 
hit or crushed by falling objects and heavy loads. 
Variations to the location of the services were required. Issues about layout of services and 
the availability of space to fit the ventilation system were raised by the mechanical 
subcontractor during development of shop drawings. To address the issues, the contractor 
suggested relocating the duct away from the services gutter to provide clearance around the 
ducting while still achieving ventilation requirements for the structure. To fit the services, a 
void of 800mm in height was considered above the highest row of the crypts, just below the 
first floor slab. A construction sequence was planned to assist with installing services. 
According to the plan, services were to be installed in the void while it was still open, and 
just before construction of the first floor slab. Then the floor could be poured, closing the 
void. Bondek was used to form up the slab. This type of formwork stayed as part of the slab 
and did not need to be removed. Thus, there was no need for workers to enter the confined 
space in the void to install services and remove the formwork. Workers were no longer 
exposed to hazards of working in a confined space, unless modification and minor 
adjustments to the services were required. This construction approach allowed for quicker 
services installation as longer sections of ducts were installed with fewer joints to be made. 
This reduced workers exposure to ergonomic hazards and manual handling issues. 
The decision interdependencies network for this case is shown in Figure 4.13. Each rectangle 
denotes a decision, with a decision ID provided inside each rectangle at the top. Different 
numbers refer to different decisions, and letters after the numbers (that is, a, b or c) denote 
revisions to the same decision (e.g., 2a and 2b respectively denote original and revised 
decisions on Use of Area). The decision name and the decision outcome (selected option) are 
provided under the decision number in each rectangle. Links in the decision network indicate 
logical and/or information dependencies between decisions. 
The decision to build a basement mausoleum with a single storey structure above it (D01) 
was made during discussions between the client’s team, heritage authority and end-users. 
Subsequently, it was decided the mausoleum be non-visitational with no public access to the 
basement level (D02a). Based on this decision, the designers did not need to address the 
requirements for public areas, such as ventilation, emergency exit, or stairs capacity (D03a 
and D04a). In addition, no finishing was needed for the crypts (D18a). However, later the 
client informed the designers the basement might also be open to public access (D02b). This 
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meant the design needed to satisfy requirements for a public area (D03b). Therefore, the 
internal stairs design was modified to be suitable for public access with fewer flights and a 
wider design (D04b). Granite finishing was also needed for the basement crypts (D18b).  
The client’s team also devised a construction methodology for the basement structure. Based 
on this methodology, the building footprint needed to be over excavated, creating a 1200mm 
setback from the basement wall (D05a). The space behind the wall was going to be used to 
install and remove the formwork, and to install a waterproof membrane to the face of the wall 
(D17a). This space needed to be backfilled at the end of construction process. To hold back 
soil during the excavation and construction process, a retaining wall system was to be used 
(DD08a). The retaining wall consisted of concrete piles, and the soil between them was to be 
held using shotcrete (D09a). Rock anchors were considered to hold back the piles and prevent 
them from inclination due to soil pressure (D15a). Piles spacing (D06a) and depth (D07a) 
were estimated by the client’s team as part of the design. Design documents and 
specifications were included in the tender documents (D19a). The constructor selected to 
undertake the project raised constructability, WHS and cost concerns with the construction 
methodology, and suggested major changes to the design (D19b).  
The revised methodology involved a staged excavation process during which the soil 
retention system was built as the excavation progressed. It was decided only to excavate the 
building footprint area with no over excavation (D05b), and to retain soil with a containment 
wall (D08b). It was also decided to use cantilever piles by increasing the depth of the piles 
(D07b) so that no propping was required for the piles and site space was free for construction 
activities. This design also provided more available space on the perimeter of the site (due to 
a smaller excavated area with no over excavation); therefore, the size of the piles could be 
increased and they could be constructed at greater distance from each other (D06b). This 
design would also reduce the total number of piles required as well as their cost. 
Nevertheless, cantilever piles were still costly and after reconsideration of soil condition and 
available space, pile depth was reduced, as was space between them (D06c and D07c). The 
constructor still wanted no propping within the excavation area.  
To address the constructor’s requirement, a different soil retention system was designed 
consisting of a capping concrete beam which ran around the perimeter of the excavated area 
at top, and Megaprops installed at 1.8m distance (D09b). To connect Megaprops to the 
capping beam, it was decided to design and make specific brackets which could be installed 
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on top of the beam in a safer manner (D11 and D12). To avoid drilling into concrete on-site, 
it was decided to cast connection plates (to attach the brackets) into the capping beam (D13). 
Forces incurred by props and piles were considered when deciding capping beam dimensions. 
Early estimates indicated an approximate width of 1m for the capping beam (D14a). The 
constructor believed a 1m capping beam was strong enough to support the piles with fewer 
Megaprops. In addition, more space between Megaprops was required to pour concrete for 
the first floor slab. Therefore, space between Megaprops was increased to 5m (D10a). The 
constructor also intended to eliminate rock anchors supporting piles due to WHS concerns 
and site constraints (potential damage to heritage trees and graves). Further structural analysis 
of the retention system indicated that, to address the constructor’s requirements, a 2m wide 
capping beam was required to hold the piles (D14b). A capping beam with these dimensions 
could not be accommodated along the excavation site’s western boundary. At the same time, 
the constructor believed it was cheaper and easier to increase the number of props and piles 
than to increase capping beam dimensions. Consequently, spacing of piles and props was 
reduced (D06c and D10b) and a 1m wide capping beam designed (D14a). The constructor 
originally intended to use precast concrete sections to construct the basement wall (D16a) and 
attach the waterproof membrane to wall sections when installing them (D17b).  
The revised construction methodology, and the design of the soil retention system, were 
reviewed by the client’s team and amendments were required (D20a). The client’s engineer 
raised some concerns about waterproofing construction joints between the wall precast 
panels. To address this concern, it was decided to construct the basement wall in situ (D16b) 
and use the containment wall as the formwork for the basement wall. In addition, the 
waterproof membrane could be attached to the face of the containment wall prior to the 
construction of the basement wall (D17c). With these modifications, the design was approved 
by the client’s team and was signed off by the client (D20b).  
The mechanical layout of services and ventilation system was designed in isolation from the 
rest of the building design, and only the original architectural drawings were used (D27a). 
Design issues were identified by the mechanical subcontractor when developing the shop 
drawings, mainly relating to lack of space to accommodate the ventilation system and 
services in a duct together. Subsequently, variations to the layout of services were made by 
relocating the services duct away from the ventilation system (D27b). 
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Scope of Work
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above
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Use of Area
Non-visitational mausoleum
D02b
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Unsure if it will be a 
visitational mausoleum
D02c
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Visitational mausoleum
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Planned Design Use
Meet the regulatory 
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D03b
Planned Design Use
Satisfy regulatory 
requirements for visitational 
space
D04a
Internal Stairs
3 flights of stairs
D04b
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2 flights of stairs
D05a
Siting of Temporary 
Excavation
1200mm setback from 
mausoleum structure
D05b
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No setback from mausoleum 
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D06a
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D06c
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Figure 4.13: The decision network for construction of basement mausoleum 
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The following Table 4.14 includes the key design decisions. In this table, each decision-making scenario, and the interaction pattern that 
underpinned it, is explained. 
Table 4:14: The interactions underpinning a number of key decisions 
ID Decision Participants and information exchanges Pattern of interaction during decision-making 
D01 Scope of work 
The client’s concept was to construct a two-storey 
structure above the ground and a basement. 
However, this concept was not accepted by the 
heritage authority due to the size and impact of the 
building not fitting with the existing surrounding 
structures. Based on comments from the authority, 
the architect modified the concept design. The new 
design specified a basement mausoleum with a 
single storey structure above it. 
 
A collaborative pattern of information exchange was 
formed within the client’s team. This underpinned the 
review of different options for the structure. Gaining the 
heritage regulator’s (external stakeholder) approval of 
the project was a key requirement at this stage. Direct 
and frequent interactions between the client’s team and 
heritage regulator, and their involvement in decision-
making, ensured regulatory compliance. The end-users’ 
requirements were taken into account through their 
interaction with the client. The client and architect were 
the central participants during the interactions. They 
played a key role by engaging with the regulator. 
 
D02b Use of area 
The client indicated it was possible to use the 
basement as a visitational area. To allow for this, 
the designers reviewed these requirements and 
made amendments to the design to ensure there 
was enough flexibility to meet the requirements. 
Direct and collaborative information exchanges within 
the client team underpinned this decision. This helped to 
review the project requirements and make room for 
potential changes later in the project. Moreover, two 
influential regulatory stakeholders were engaged in the 
interactions. The heritage regulator was interested in 
preserving heritage trees and graves on-site, and 
ensuring they were not damaged as a result of building 
constuction. The building regulator required a building  
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design consistent with the surrounding environment. 
Obtaining approval support of the project from these 
two regulatory bodies, and addressing their 
requirements, was critical for the client and their 
involvement in the interactions was important. The end-
users’ interests were taken into account. 
D02c Use of area 
During construction, the client decided to change 
the basement to a visitational area. Major changes 
had already been addressed at early design stage. 
Amendments to crypt linings, and internal design 
of the lift and ventilation system, were the minor 
changes required. 
The interaction patern indicates collaborative 
information exchanges between the participants from 
the client’s team and heritage regulator. The end-users 
and building authority were also involved in the 
interactions. The client and architect were the central 
participants during the interactions. 
 
D05a Siting of temporary excavation 
It was decided to over excavate to provide 
1200mm setback from the mausoleum structure. 
The extra space was considered for workers who 
needed to enter the space between the excavation 
wall and mausoleum wall to install and remove 
wall formworks, and also attach the waterproof 
membrane. The space was to be filled with soil 
later and then compacted. 
The client’s engineer and architect frequently 
exchanged information with each other, and less 
frequently with the client. The heritage regulator 
communicated the requirements to the engineer and 
architect about the safe distance between the excavation 
and heritage trees, rose garden and graves. The 
requirements were to ensure no damage was done to 
adjoining graves, plants and tree roots. 
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D05b Siting of temporary excavation 
Based on the revised methodology proposed by the 
constructor, no setback from the mausoleum 
structure was needed. The retaining wall acted as 
the formwork for the external side of the basement 
wall. The waterproof membrane was installed on 
the face of the retaining wall, so there was no need 
for workers to go between the walls, or backfill 
and compact the soil. 
The interaction network included participants with 
technical design and construction responsibilities, as 
well as the client’s consultants and heritage regulator. 
The constructor played a central role in connecting the 
designers of the temporary works to the client’s team 
and regulator. Having access to technical knowledge of 
the propping, capping and piling engineer, and 
combining this expertise with their own experience 
about construction process, the constructor was able to 
propose a safer and more constructible methodology. 
Moreover, the constructor’s interaction with the client’s 
team and regulator ensured the requirements of these 
participants were understood and addressed. 
 
D06a Pier spacing 
The piles were to be placed 1.8m apart from each 
other. This spacing was decided after considering 
other design details of the piles, the available space 
on the excavation, and eliminating the need for 
propping.   
The decision-making involved frequent and two-way 
interactions between the architect and client’s engineer. 
The heritage regulator sent information to the client’s 
engineer requiring a safe distance between construction 
activities and heritage graves and trees. 
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D06c Pier spacing 
The distance between the piles was changed to 
2.4m in the revised construction methodology. The 
use of cantilever piles was costly. It was decided to 
use Megaprops to support the piles, and to space 
them at a greater distance. The available space on 
the perimeter of the excavation was also taken into 
account during the decision-making.  
 
A well-connected interaction network with direct and 
two-way ties was formed within the constructor’s 
technical team. This pattern reflects a collaborative 
team decision-making process. The constructor also 
interacted with the client’s architect and heritage 
regulator. The constructor was the central participant 
during the information exchanges. 
 
D07a Pier depth 
The original design for the retaining wall specified 
bored piles and ground anchors which prevented 
the wall from inclination due to lateral soil 
pressure. The depth of the piles was decided, in 
conjunction with the distance between piles, with a 
view to resisting and retaining the soil. 
The decision was made with the involvement of the 
client’s engineer and architect. The engineer had the 
greatest influence on the design. The client occasionally 
sent information to the engineer and architect. 
 
D07c Pier depth 
During the design revision, a depth of 10m was 
specified for the piles and it was decided to use 
Megaprops to hold the piles in position. Using 
cantilever piles, which required a greater depth, 
was considered costly. In addition, the revised pile 
design eliminated the need for internal props and 
created a clear area for construction activities. 
Frequent and direct information exchanges between the 
constructor and their technical consultants underpinned 
the decision-making. The collaborative pattern of 
exchange, indicated by closed and triangular tie 
formations, within the constructor’s team was important 
for ensuring coordinated design of different components 
of the soil retention system. 
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D08a Soil retention 
The soil was to be retained by a retaining wall. The 
retaining wall consisted of bored piles and ground 
anchors which prevented the wall from inclination 
due to lateral soil pressure. Excavation would then 
be done up to 8.5m depth and shotcrete used to 
retain soil between the piles 
The client’s engineer had the greatest influence during 
the decision-making. Two-way interaction between the 
engineer and architect took place. The architect 
communicated the outcome to the client. 
 
D08b Soil retention 
As part of the revised methodology, a containment 
wall was to be built in stages as the excavation was 
undertaken. This wall held the soil back during 
construction and also acted as the formwork for 
the basement wall. 
The constructor was the central participant during the 
interactions and acted as a broker connecting other 
participants in the network, both from the client’s side 
and the construction side. In this position, the contractor 
was able to use different sources of expertise and 
information, and combine them with their construction 
experience, to influence the decision outcome. In 
addition, the heritage regulator interacted occasionally 
with the mechanical subcontractor.  
D09a Temporary wall 
The temporary works included a retaining wall. 
The wall consisted of internal props, piles and 
shotcrete to retain the soil. Workers were to install 
propping inside the excavation. Construction 
machinery would work inside the excavation, 
moving in proximity to the props. 
The client’s engineer and architect engaged in a two-
way interaction during the decision-making. The client 
was informed by the architect. The engineer had the 
greatest influence on the decision outcome. The 
architect transmitted information to the client and was a 
central participant during the interactions. 
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D09b Temporary wall 
It was decided to use a capping beam with 
Megaprops at 1.8m centres. The beam connected 
to the piles at the top, holding them in place. The 
Megaprops were installed at the top providing 
further support for the beam and piles. There was 
no need for propping in the excavation ditch. Thus, 
the risk of machinery hitting the props was 
eliminated, and the risk of soil collapsing into the 
ditch was greatly reduced. 
A collaborative pattern of information exchanges 
between the constructor and technical consultants 
underpinned the decision-making. The client’s engineer 
and arcitect were informed of, and involved in, the 
interactions by the constructor. Thus, the constructor 
was the central particpant. The constructor also exerted 
the greatest influence on the decision outcome, followed 
by the propping, capping and piling engineers. 
 
D10b Spacing of the internal props 
To keep the 1m width of the capping beam, it was 
decided to reduce the space between internal 
Megaprops to 3m. The space was still enough to 
lower small machinery and perform construction 
activities. 
A collaborative and frequent pattern of information 
exchanges between the constructor and technical 
consultants was formed during the decision-making. 
The constructor occasionally sent information to the 
architect. The participants from the constructor’s team 
were similarly central during the interactions. The 
constructor and the propping engineer had the greatest 
influence on the decision outcome, followed by the 
capping engineer. 
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D11 Connection brackets 
To connect the Megaprops to the capping beam, 
specific connection brackets were designed to be 
installed on top of the capping beam. Each 
connection plate was cast into the beam to 
eliminate the need for drilling into the concrete to 
install the brackets. Moreover, each connection 
plate was designed with a lip that temporarily 
supported the props once they were lowered onto 
the connection plate; thus, the connection holes 
could easily be aligned and the bolts could be 
installed quickly. 
Two-way and direct information exchanges between the 
constructor, propping engineer and capping engineer 
underpinned the design of brackets. The constructor and 
propping engineer had the most frequent information 
exchanges and had the greatest influence on the design 
solution. While the constructor initiated the design and 
made the brackets, design details were reviewed by the 
propping engineer. The capping engineer provided input 
about the location of the brackets on the beam and the 
installation method. The interactions also enabled 
coordination between the design of the capping beam 
and brackets. 
 
D12 Location of brackets 
The connection brackets were designed to be 
installed on top of the capping beam. This 
approach eliminated the need for formwork around 
the brackets when pouring the concrete for the 
beam (the formwork would have been required in 
case the brackets were installed on the internal 
face of the beam). In addition, there was no need 
for waterproofing and restoring the concrete at the 
location of brackets after they were removed. 
Moreover, workers were not exposed to ergonomic 
issues of installing and removing the brackets on 
the internal side of the beam (i.e., no bending over 
and holding was required). 
A collaborative pattern of information exchange was 
formed betweeen the constructor, propping engineer, 
capping engineer and piling engineer. The highest 
frequency of interaction took place between the 
constructor, propping engineer and capping engineer. 
The piling engineer was also involved in the direct 
interactions with all the technical participants, although 
less frequently. The propping engineer had the greatest 
influence on the decision outcome followed by the 
constructor and capping engineer. In addition, the 
client’s architect was informed about the decision by the 
constructor. 
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D13 Megaprop connections 
The connection plates, to install the brackets to the 
beam, were cast into the concrete. This decision 
eliminated the need for drilling into the concrete 
during installation of brackets. The installation 
process became quicker. 
The constructor, the propping engineer, capping 
engineer and piling engineer exchanged information 
directly and collaboratively. The constructor, propping 
and capping engineers were involved in the most 
frequent interactions. These participants also directly 
interacted with the piling engineer less frequently. The 
architect was informed about the decision by the 
constructor. The propping and capping engineers had 
the greatest influence on the decision outcome, followed 
by the constructor.  
D14b Capping beam 
A capping beam was required, running around the 
top of excavation to tie in all the piles and transfer 
the force of the Megaprops to the piles. Early 
estimates indicated an approximate width of 1m 
for the capping beam. During the detailed design, 
the engineer proposed a 2m wide capping beam. A 
capping beam with this width could not be 
accommodated along the western boundary of the 
excavation site. The constructor believed it was 
cheaper and easier to increase the number of props 
and piles than to increase the dimensions of the 
capping beam. Consequently, the spacing of the 
piles and props was reduced and a 1m wide 
capping beam was designed. 
Decision-making was underpinned by frequent, direct 
and collaborative information exchanges between the 
constructor and technical participants in charge of 
temporary works design. This interaction pattern 
ensured different components of the soil retention 
system were designed in coordination. The client’s 
architect was involved in the interactions through the 
constructor. Moreover, the constructor and technical 
participants were all highly influential during the 
decision-making, with the constructor and capping 
engineer exerting relatively higher influence on the 
decision-outcome than other participants. The 
constructor was the central participant during the 
interactions. 
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D15a Wall retention 
Originally, ground anchors were proposed to 
prevent the wall from toppling due to soil pressure. 
De-stressing ground anchors would be required 
after construction. To do this, workers needed to 
work in a confined space and be exposed to 
ergonomic hazards, as well as hazards associated 
with material collapse or being hit by anchor rods 
during the de-stressing process. 
Reciprocal information exchange between the client’s 
engineer and architect took plce. The client was only 
informed about the decision-making by the engineer and 
architect. The client’s engineer was the influential 
participant during the decision-making. 
 
D15b Wall retention 
Due to constructability and WHS issues with the 
use of ground anchors, they were eliminated from 
the design. The soil retention system was designed 
with no external propping/anchoring. Internal 
Megaprops were used to prevent the wall from 
toppling. Thus, workers’ exposure to hazards 
related to working in a confined space, and being 
struck by the anchor rods during the de-stressing 
task, were eliminated. 
The interaction network consisted of two subgraphs 
connected together by the constructor. One subgraph 
included the constructor and technical participants in 
charge of the temporary works design. These 
participants were highly active and engaged in direct 
and frequent information exchanges with each other. 
The second subgraph included the client and their 
consultants (engineer and architect). A low frequency of 
information exchange took place between the client-side 
participants. The constructor was the central partcipants, 
acting as a broker and providing the link between the 
client-side and technical participants. The constructor 
and piling engineer had the greatest influence on the 
decision outcome. The client was reletively more 
influential than other client-side participants; however, 
the client-side participants were less influential that the 
technical participants. 
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D16a Basement wall construction 
It was originally intended to use precast concrete 
panels to construct the basement wall. This 
approach was considered to be quicker and involve 
less manual effort. 
The exchange pattern during the decision-making was 
in the form of a ‘star’ network. In this highly centralised 
network, the constructor had a highly favored structural 
position. The constructor was the only connection point 
between other participants. In addition, the constructor 
was the central and most active participant in the 
network. The constructor was the participant who had 
the greatest influence on the decision outcome, and the 
selected solution was the constructor’s preference. 
 
D16b Basement wall construction 
During the design review, the client’s engineer 
raised concern about waterproofing the 
construction joints between the wall precast 
panels. To address this concern, it was decided to 
construct the basement wall in situ. 
The client’s engineer and architect influenced the 
decision. These participants were in charge of design 
approval. They frequently interacted with each other 
and with the constructor. They received design 
information through the constructor who, in turn, 
engaged technical consultants in the interactions and 
decision-making. However, the client’s engineer and 
architect used their decision-making power to impact 
the design solution through their interactions with the 
constructor. 
 
D17a Tanking 
The original design and construction methodology 
required workers to enter the space behind the 
basement wall and attach a waterproof membrane 
to the exterior face of the basement wall to prevent 
moisture affecting the basement. The workers were 
The design solution was devised by the client’s team. 
Two-way interaction between the client’s engineer and 
architect occured during the decision-making. The 
client’s engineer was the most influential participant. 
The client was informed about the outcome by the 
engineer and architect.  
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exposed to issues associated with working in a 
confined space and being hit by falling material. 
D17c Tanking 
During the revision of design and construction 
methodology, it was decided to attach the 
waterproof membrane to the face of the 
containment wall prior to the construction of the 
basement wall. The basement wall was then 
constructed flush to the containment wall. Using 
this methodology, no gap was required between 
the walls and workers did not need to work in a 
confined space and be exposed to hazards 
associated with material fall and soil cave-in. 
A centralised interaction pattern was formed within the 
constructor’s team. The constructor was the central 
participant during the interactions. The pilling engineer 
and propping engineer provided technical information 
and support to the constructor . The pattern of 
interactions between the constructor and client’s team 
was non-centralised and collaborative (evidenced by the 
network closure between the participants). The 
influential participants (with high decision-making 
power) were the constructor and client’s engineer 
followed by the architect. Collaboration between these 
participants was a feature of the interaction network. 
 
D18b Internal finishes to crypts 
During the design process, the client informed the 
designers there was a possibility the basement 
could be designated a public area. The designers 
reviewed the requirements and made design 
amendments to ensure there was enough flexibility 
to meet the requirements. Fittings were built into 
the concrete crypts to allow for installation of 
granite finishes to improve aesthetics. 
A centralised interaction network was evident. The 
client interacted with end-users and informed the 
architect about the potential change in use of the area. 
The architect and engineer reviewed the requirements. 
The architect also interacted with the heritatge regulator 
to ensure consideration of regulatory requirements as 
part of design changes. The constructor informed the 
architect about the impacts of the changes on the 
construction process. Occupying a central network 
position in a ‘star’ network, the architect had access to 
different sources of information and made the design 
variations that addressed the potential change required 
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by the client. At the same time, regulatory and 
construction requirements were taken into account.  
D20a Sign-off 
The revised design and construction methodology, 
developed by the constructor and their technical 
team, was submitted to the client’s architect and 
engineer for review and approval. Changes were 
required by the client’s team; most importantly, a 
change to the construction method for the 
basement wall from using precast panels to in situ 
reinforced concrete walls. 
During the review process, the client’s team formed a 
closed (triangular) pattern with frequent information 
exchanges between the architect and engineer, and less 
frequent interactions with the client. In addition, the 
constructor and client’s team formed another closed 
exchange pattern involving frequent interactions to 
discuss and negotiate different aspects of the design and 
construction methodology. The constructor’s technical 
team interacted directly with the constructor and 
provided technical support and information to the 
constructor during the process. The most influential 
participant was the client’s engineer followed by the 
architect and constructor. 
 
D27a Mechanical layout 
The layout of services and ventilation system were 
designed in isolation from the rest of the building 
design, and only the original architectural 
drawings were used. When developing the shop 
drawings, it was found there was not enough space 
to accommodate the ventilation system and 
services in a duct together. 
The architect interacted directly with the building 
authority during development of architectural drawings. 
The mechanical subcontracor recived through the 
constructor the architectural drawings and other design 
information about the services and ventilation system. 
The services layout was developed by the constructor 
based on the information received from the architect. 
The constructor was the most influential participant. In 
addition, the building authority was highly influential in 
the design, defining requirements for the public areas. 
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D27b Mechanical layout 
Variations to the location of the ducts were 
required. During development of shop drawings, 
the mechanical subcontractor raised issues about 
layout of services and the lack of space to fit the 
ventilation system. To address the issues, the 
contractor suggested relocating the duct away from 
the services gutter to provide clearance around the 
ducting, while still ensuring ventilation 
requirements for the structure were achieved. In 
addition, the constructor made changes to the 
construction plan to install the majority of the 
services before the first-floor slab was poured. 
This approach provided better access for the 
installers and the amount of work that was done in 
a confined space was greatly reduced. 
The mechanical subcontractor identified issues with the 
layout of services and ventilation ducting. These issues 
were communicated to the constructor who then 
informed the architect. The mechanical subcontractor, 
in collaboration with the constructor, made variations to 
the ducting layout. The constructor involved the 
architect in the interactions, mainly to ensure 
requirements (including regulatory requirements of the 
building authority which were communicated to the 
architect) were addressed when making the variations. 
Negotiations between the mechanical subcontractor and 
constructor also facilitated changes to the constructon 
plan to address some constructability and WHS issues 
with installation of services. The mechanical 
subcontractor and constructor were the most influential 
participants during the decision-making. 
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Considering the interaction patterns that underpinned the key decisions in this case, different 
groups of decisions can be identified: 
• Early decisions about the features and use of the building, such as D01, D02a, D02b and 
D02c – when making these decisions, the client and architect played a central role in the 
interactions. The end-user and external regulatory authorities were also involved in the 
frequent interactions. In addition, the client and regulatory authorities were influential and 
had a considerable decision-making power. The interaction patterns were mainly 
centralised with the client and architect acting as connection points for other participants. 
• Original decisions about design of the structure, temporary works and construction 
methodology, including D05a, D06a, D07a, D08a, D09a, D10a, D15a and D17a – the 
client’s architect and engineer were the central participants during the interactions and 
frequently exchanged with each other and with the client. Occasionally, the heritage 
regulator participated in the interactions when deciding about the siting of the excavation 
(D05a) and the spacing between the piles (D06a). This involvement was mainly to ensure 
no damage was done to surrounding heritage trees and graves. The engineer was the 
influential participant with the greatest decision-making power. The interaction patterns 
within the client’s team were mainly non-centralised, with a closed triangular exchange 
pattern between the client, architect and engineer. 
• Revisions to the design of the structure, temporary works and construction methodology, 
including D05b, D06c, D07c, D08b, D09b, D10b, D15b, D16b and D17c – these 
decisions were made to address constructability and WHS issues with the original design 
decisions. The interaction networks underpinning these revised decisions involved a 
higher number of participants and more interaction ties (higher density) in comparison to 
the original decisions. The constructor played a central role during the interactions. On 
one hand, the constructor engaged technical consultants who provided new specialist 
knowledge and expertise on which the constructor could call to revise the design and 
construction methodology. On the other hand, the constructor interacted with the client’s 
team, and occasionally with the regulatory authorities, ensuring consideration of their 
requirements and their support. During the majority of these decisions, the constructor 
was a broker in the interaction network facilitating the flow of information between the 
consultants and the client’s team. In addition, the constructor was highly influential and 
had the greatest decision-making power during the decision-making. The interaction 
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pattern within the constructor’s team was mainly non-centralised and collaborative 
(indicated by the prevalence of direct and two-way ties and closure configurations) 
• Technical decisions about the design of soil retention system including D11, D12, D13, 
D14a and D14b – during decision-making for these decisions, the technical consultants 
were highly influential with the greatest decision-making power (decision-making power 
of 5). Yet the constructor also maintained a relatively high level of influence (decision-
making power of 4) during decision-making. In addition, the interaction networks were 
featured with frequent information exchanges and a dominance of closure (triangular) 
configuration between the technical consultants and constructor. 
• Design changes triggered by the client to provide public access to the basement area, 
including D04b, D18b, D27a and D27b – the client’s team had a high level of 
involvement in the interactions. The architect was the central and influential participant 
during the decision-making. The constructor and subcontractor provided information to 
the client’s team. The interaction patterns were centralised, especially when deciding 
about the internal finishes. 
 
4.6.3 WHS outcomes 
The WHS issues in this project were mainly associated with working in a deep excavation. In 
the original design, it was intended to address these WHS issues using engineering controls 
and administrative controls. However, revisions to the design and construction methodology 
enabled implementation of high-level WHS risk controls. The revisions were proposed by the 
constructor and subcontractor. 
The original construction method in the tender package required excavation up to 8.5m depth 
and then to construct the structure inside the excavation ditch. Temporary props were to be 
used to retain soil during excavation until a retaining wall was constructed. Installing 
temporary props would expose workers to WHS risks associated with manual handling and 
working in a deep excavation ditch. In addition, there was a risk machinery might hit the 
temporary props during the excavation causing the embankments to collapse. The revised 
top-down construction approach enabled construction of the retaining system as excavation 
progressed in stages. This approach did not require any internal props and workers were no 
longer exposed to issues entailed in installing and removing props. 
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The constructor also proposed eliminating the rock anchors that supported the retaining wall 
due to a number of risks associated with them. To ensure the anchors posed no threat to any 
future construction activities that might occur next to the mausoleum, the ground anchors 
would need to be de-stressed. In the original design, gaining access to the anchors to de-stress 
them would require workers to enter the ‘gap’ between the temporary wall and the 
mausoleum wall, remove the anchor’s cap and then de-stress or cut the steel rods in a small, 
confined space. This would create ergonomic hazards for workers having to manoeuvre 
within a confined space. The potential for the stressed bars to react when released and hit the 
workers created extra WHS risk. PPE and administrative controls were the main controls 
originally in place. Apart from de-stressing the rock anchors, workers also needed to enter the 
gap to strip the formwork for the basement wall and install a waterproof membrane on the 
exterior face of the wall to prevent moisture affecting the basement area. Potential hazards 
included: being struck, caught, or crushed in a collapsing structure; being struck by 
equipment or material; and ergonomic issues. 
To eliminate these hazards, it was decided to eliminate the gap between the basement wall 
and the retaining wall. Megaprops would temporarily hold the soil until the basement wall 
was constructed flush to the retaining wall, preventing it from tipping. The Megaprops would 
temporarily support the retaining wall during the construction process. Furthermore, the 
retaining wall acted as formwork for the exterior side of the basement wall. Prior to the 
reinforcement, the waterproofing membrane was attached to the retaining wall, reinforcement 
was placed, the formwork shutter installed, and then concrete was poured. This revised 
approach did not require workers to work in a confined space, and reduced the amount of 
formwork for the basement wall. In addition, as the gap between the basement wall and the 
retaining wall was eliminated, there was no need to over excavate and backfill the site. 
The use of Megaprops also freed up the base of the excavation so that a clear and 
unobstructed area was available to undertake excavation. For ease of installation, connection 
brackets were cast on to the top of the ring beam rather than on the walls. This eliminated the 
need to drill into the concrete at a later stage to secure the props. To assist with Megaprop 
installation, each connection plate was made with a lip that provided temporary support to the 
props once they were lowered onto the connection plate. The connection bolts could then 
easily be threaded through the prop and into the connection plate without the need for a crane 
to hold it in position until such time as the prop was fixed at both ends. All fixing could be 
done at ground level due to connections being located on the top of the capping beam. These 
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considerations eliminated the hazards associated with working at height and ergonomic 
hazards due to awkward postures when installing the brackets. In addition, the likelihood was 
greatly reduced that workers could be hit by large Megaprop sections when they were 
suspended from the crane.  
Subsequent to the client’s decision to use the basement as a public area, the internal concrete 
walls and exposed crypts were covered with granite lining and finishes. To eliminate manual 
handling, a crane was used to lift and lower the granite sheets to the basement level through a 
lift shaft. In addition, a casket lifter was used to lift and move the granite sheets and fit them 
into position. Thus, there was no need for workers to lift the granite sheets, to work off 
ladders, or build scaffolds to install the sheets. Workers still needed to manually install the 
large and heavy sheets, exposing them to ergonomic hazards due to adjusting and holding the 
sheets. In addition, during crane lifts, the workers needed to stand at the bottom of the lift 
shaft to guide the crane driver and ensure the load did not hit the shaft walls. Thus, workers 
were exposed to hazards such as being hit or crushed by falling objects and heavy loads. 
Variations to the location of the services were also proposed because of issues regarding 
layout of services and availability of space to fit the ventilation system. To address the issues, 
the contractor suggested relocating the duct away from the services gutter to provide 
clearance around the ducting. To fit the services, a void, which was 800mm in height, was 
considered above the highest row of the crypts, just below the first floor slab. To assist with 
installing the services, it was decided to install them in the void while it was still open and 
just before construction of the first floor slab. Then, the floor could be poured closing the 
void. Bondek® was used to form up the slab. This type of formwork stayed as part of the 
slab. Thus, there was no need for workers to enter the confined space in the void to install 
services and remove the formwork. A few workers still needed to enter the void to modify 
and make minor adjustments to the services, but this was for a much shorter time. This 
approach reduced workers exposure to ergonomic hazards and manual handling issues. 
Overall, revisions to the design and construction process facilitated implementation of mostly 
technological WHS risk controls in the construction stage. The detailed evaluation of WHS 
hazard controls in this case is provided in Table 4.15. The average HOC score indicates a 
good level of WHS performance for this case. The assessment indicates the revisions made to 
the design generally led to the “elimination” or “substitution” of hazards associated with 
working in the deep excavation. The works for the revised soil retention system involved 
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much less manual handling than the original design, and the requirement to work in a 
confined space was totally eliminated. Overexertion and bodily reaction associated with the 
excavation work was also eliminated as small machinery could be used and there was no 
obstacle in the excavation ditch. In addition, early identification of issues with installing 
services allowed for the changes to the services layout, as well as the construction sequence, 
greatly reducing the amount of work done in a confined space. 
Although early preparations to accommodate the client’s change to the use of the basement 
area eliminated the need to redesign and modify the ventilation services capacity and stairs, 
the change still created extra work to install granite sheets on concrete surfaces. This 
increased workers’ exposure to ergonomic issues, manual handling and being struck by heavy 
objects when the sheets were craned and delivered to the basement level. 
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Table 4.15: Assessment of WHS hazard controls for construction of the basement mausoleum 
Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Excavation 
Excavation by hand and small 
equipment 
Overexertion and bodily 
reaction 
Training, Safe Work Method Statements 
Administrative 2 
3.95 
Excavation 
Excavation using small 
machinery 
Struck by object or 
equipment 
Establishing exclusion zones, appointing 
spotters 
Administrative 2 
Excavation Deep excavation (8.5m) 
Caught in or compressed by 
equipment or objects 
Temporary works to retain the soil Engineering 
Control 
3 
Excavation 
Installation of temporary 
works on the excavation ditch 
Caught in or compressed by 
equipment or objects 
Top-down excavation and installing temporary 
works simultaneously, no temporary work after 
excavation 
Elimination 5 
Excavation 
Temporary works, propping 
inside the excavation ditch 
Struck, caught, or crushed 
in collapsing structure, 
equipment, or material 
Installing Megaprops, no need to enter the ditch, 
workers to install Megaprops from ground level Substitution 4 
Excavation Excavation using machinery 
Caught or compressed by 
collapsing material 
Using Megaprops, no need for props in the 
excavation ditch 
Elimination 5 
Wall retention 
External propping, ground 
anchors to prevent rotation of 
wall, de-stressing rock 
anchors 
Struck by object or 
equipment 
Using Megaprops, no need for rock anchors 
Elimination 5 
Working in a confined 
space 
In situ concrete 
work 
Formwork for external side of 
basement wall, confined area 
between basement wall and 
retaining wall 
Caught in or compressed by 
equipment or objects 
Changing methodology, retaining wall acting as 
formwork for the basement wall, no need for 
workers to go between the walls 
Elimination 5 
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Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Waterproofing 
Installation of waterproof 
solid membrane on external 
face of basement wall, 
confined area 
Caught in or compressed by 
equipment or objects 
Attaching membrane on retaining wall prior to 
reinforcement and pouring concrete, no need for 
workers to go between the walls 
Elimination 5 
In situ concrete 
work 
Formwork and reinforcement 
for internal side of the 
basement wall 
Falls to lower level 
Scaffolding 
Engineering 
Control 
3 
Temporary 
works 
Installation of scaffolding and 
formworks 
Overexertion in holding, 
carrying, or wielding 
Training, Safe Work Method Statements 
Administrative 2 
Temporary 
works 
Installation of Megaprops 
Overexertion in holding, 
carrying, or wielding 
Installing brackets on top of the capping beam 
rather than on wall, no need for forms around 
the brackets as well as sealing. 
Elimination 5 
Fall from height 
Installation of 
brackets on 
capping beam 
Brackets cast into the beam 
during the concrete pouring 
Overexertion in holding, 
carrying, or wielding 
Cast-in, no need for drilling into the concrete 
Elimination 5 
Installation of 
Megaprops 
Connect Megaprops to the 
capping beam, suspend the 
props from crane when 
connecting 
Struck by object or 
equipment 
Lips on the connection plates to hold the props 
in position while connecting, props suspended 
for a shorter time so they would not swing, 
aligning bolt holes was much easier. 
Substitution 4 
Installation of 
Megaprops 
Fastening the bolts to connect 
Megaprops to capping beam 
Falls to lower level 
Connections located on the capping beam, fixing 
done at ground level 
Elimination 5 
Installation of 
Megaprops 
Lifting the props to position 
using crane 
Struck by falling object or 
equipment 
Installation of lifting points on props, assuring 
an even and safe spread of loads during lift 
Elimination 5 
Chapter 4 – Individual case description and analysis  
285 
 
Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Internal finishes 
to basement area 
Lowering large granite sheets 
to basement level for 
installation 
Overexertion in holding, 
carrying, or wielding 
Using crane instead of manual handling, 
lowering the sheets through the lift shaft Elimination 5 
Internal finishes 
Lifting and fitting granite 
sheets into position, on the 
face of the crypts 
Overexertion in lifting, 
lowering 
Using a casket lifter 
Elimination 5 
Internal finishes 
Lowering granite sheets 
through a shaft using crane, 
with a worker standing 
underneath guiding the 
process to ensure no damage 
is incurred to granite 
Struck by object or 
equipment 
Protective equipment, training, Safe Work 
Method Statements 
Administrative 2 
Internal finishes 
Fixing the granite sheets on 
each crypt manually 
Overexertion in holding, 
carrying, or wielding 
Training, Safe Work Method Statements 
Administrative 2 
Services 
Installing ducting and 
services, limited space 
available due to existence of 
box gutter 
Overexertion bending, 
crawling, reaching, 
twisting, climbing, stepping 
Relocating the ductwork away from the box 
gutter to have more free space, developing a 
sequence of work to install services before the 
construction of first floor to use the available 
space before covering the ducts 
Substitution 4 
Constructing the 
basement roof 
Forming up the suspended 
slab/roof of the service voids, 
workers in a confined area 
Overexertion in holding, 
carrying, or wielding 
Using Bondek®, reducing the number of 
workers entering the void, no need to remove the 
formwork as it became part of the structure 
Substitution 4 
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4.6.4 Overall interaction and decision-involvement patterns and measures 
The overall interaction pattern, indicating the average frequency of information exchanges 
between the project participants during the design decision-making, is shown in Figure 4.14. 
The mean valued density for the network was 3.7% and the binary network density was 
35.5% indicating a medium level of connectivity between participants, since 35% of the 
potential ties were reflected in actual information exchanges. The average tie value for 
existing ties was 0.52, the maximum tie value was 1.3, and 8 ties (20% of the existing ties) 
had a tie value of at least 1 indicating occasional interactions between the two participants, on 
average, over the design process. The most frequent interactions took place between the 
client’s architect and client’s engineer, between the constructor and propping engineer, 
between the constructor and capping engineer, and between the constructor and piling 
engineer. The constructor also actively interacted with the client’s architect and client’s 
engineer. 
Regarding distribution of node centrality within the network, the value for network out-
degree centralisation was 0.38 and in-degree centralisation was 0.49, indicating a non- 
centralised pattern of interaction between participants, especially when sending out 
information. This indicates the majority of participants were similarly central in terms of 
engaging in direct interaction with others and sending information to them. As the overall 
interaction pattern in Figure 4.14 shows, the interaction pattern within the constructor’s team 
was particularly non-centralised as all team members directly and equally interacted with 
each other. This pattern highlights the collaborative nature of information exchanges between 
these participants who were highly involved and influential in revising design and 
construction methodology in this case. Similarly, a fairly non-centralised communication 
pattern was observed within the client’s team. Only the architect was in a relatively more 
central position than the client and engineer due to further interaction with external regulatory 
authorities. 
Considering the individual nodes in the network, the average values for both in-degree and 
out-degree centrality were 3.5, showing that participants on average interacted with 3 to 4 
other participants during the design process. The constructor was the most central participant, 
with in-degree centrality value of 8 and out-degree centrality value of 7. The building 
authority only interacted with the architect. The mechanical subcontractor sent information 
only to the constructor, and received information from the constructor and heritage regulator. 
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Overall, the network pattern reflects a central role for the constructor, who interacted directly 
with the majority of participants. Moreover, during the revision process, the constructor 
engaged a team of technical consultants in the decision-making process. The information 
exchange between the “demand-side” participants (client, client’s engineer and architect) and 
the “supply-side” technical participants (capping engineer, checking engineer, and building 
surveyor) was through the constructor. Benefitting from a central role, the constructor had 
access to different sources of expertise and information within the network. In addition, the 
constructor was a broker in the network, enabling flow of information between the two 
separate sets of participants (i.e., the client’s team and technical consultants). In this position, 
the constructor was able to control the information flow and involve different participants in 
the interactions as required. The constructor frequently interacted with the technical 
participants during the redesign of the soil retention system. At the same time, the constructor 
maintained frequent interaction with the client’s engineer and architect to ensure the client’s 
team approved the revisions and their requirements were met. 
 
Figure 4.14: The overall pattern of interaction during the design decision-making process 
The involvement of project participants in making design decisions is indicated by the 
bipartite network in Figure 4.15. In this network, each link between a participant and a 
decision shows that the participant was influential during the decision-making: that is, the 
participant possessed power to shape the decision outcome. 
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On average, each decision was made with the involvement of nearly five participants 
(average degree centrality for decisions was 4.9). Making decisions about siting the 
excavation to include no setback from the mausoleum wall (D05b), and the review and 
approval of the revised design and construction methodology (D20b), involved the highest 
number of participants (each involved eight participants) in comparison to the other 
decisions. In addition, making the decision to use a containment wall to retain the soil 
(D08b), the decision to eliminate ground anchors supporting the retaining wall (D15b), and 
design review and requiring amendments to the construction methodology for the basement 
walls (D20a), each involved seven participants. All these decisions were made to revise the 
design and construction methodology. The revision was needed to address constructability 
and WHS issues with the original design and construction process specified in the tender 
documents. The minimum number of participants in decisions was three. These decisions 
were mostly about the original design of the soil retention system and involved the client, 
client’s engineer and architect. Only eight decisions involved this low number of 
participations. 
 
Figure 4.15: The overall pattern of involvement in the design decision-making 
On average, project participants were involved in 19 decisions (the average degree centrality 
for participants were 18.72). The architect had the highest level of involvement in the design 
decision-making (by having decision-making power in 40 decisions) in comparison to other 
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participants. Only two key decisions were made without the architect’s involvement. These 
were the spacing between the internal props (D10a) and the decision about the type and 
design of connection brackets (D11). While these two decisions had direct impact on the 
construction methodology, they did not affect the design of the building or the surrounding 
heritage site. The second influential participant was the client’s engineer who influenced 28 
decisions. The constructor was involved in 25 decisions. It is noteworthy that these three 
participants were responsible for three important aspects of the design. That is, the 
constructor was focused on the construction process and improving constructability, WHS, 
and managing cost, time and quality. The client’s architect was ensuring the client’s end-use 
requirements were properly addressed while meeting cost, time and quality targets. In 
addition, the architect ensured no damage was done to heritage graves and trees or the rose 
garden near the site. The client’s engineer was in charge of the technical design and structural 
stability of the building. 
The involvement of the constructor’s technical consultants (capping engineer, propping 
engineer and piling engineer) in half the decisions was noteworthy. Their engagement was 
mainly to design or revise different components of the revised soil retention system, but they 
also had input into construction methodology for the basement wall and waterproofing it. 
Because of the traditional procurement approach selected for the project, the involvement of 
the constructor’s team started after the tender process, while the client’s team made the 
original design decisions. 
The external participants (building authority, heritage regulator and end-users) had a 
relatively low level of involvement in the decision-making process. These participants were 
mainly involved to ensure end-use and regulatory requirements were met. The heritage 
authority had a higher influence than the building authority and end-users, particularly when 
making decisions about siting the excavation, and the distance between heritage surroundings 
and excavation and piling activities. 
 
4.6.5 Multilevel network analysis 
The parameter estimates for ERGMs are presented in Table 4.16. In model 1, all the 
information exchanges between the participants were included. Model 2 only included the 
information exchanges important for making decisions (i.e., the information exchanged was 
scored above 2 regarding its importance for the decision-making). The models comprised 
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both interaction-level (micro-level) effects and cross-level effects. Including the Cross-level 
closure-Four cycle (X4Cycle) effect in the models assisted model convergence. Initially, all 
the affiliation-based closure effects were included in the models. However, excluding the 
Affiliation-based closure reciprocity (TXAXreciprocity) effect from model 1 improved the 
goodness-of-fit. This effect was not significant in the initial model. Similarly, in model 2, 
Alternative affiliation-based closure arc (ATXAXarc), Alternative affiliation-based closure 
arc (ATXBXarc) and Alternative affiliation-based closure reciprocity (ATXBXreciprocity) 
were excluded. This decision helped model convergence and improved the goodness-of-fit. 
In both models, parameter estimates converged. Moreover, the goodness-of-fit check showed 
both models were capable of reproducing the properties of the observed network well. In both 
models, the absolute values for the goodness-of-fit ratios were well below suggested 
thresholds: that is, ratios were less than 0.1 for fitted effects and less than 1.5 for unfitted 
effects. The significant estimates in Table 4.16 are marked with a * and indicate that 
associated configurations were observed more than anticipated (if the parameter value had 
been 0), given the other effects included in the model. 
Table 4.16: Parameter estimates for the ERGMs 
Effects Model 1 Model 2 
Interaction-level effects   
Arc -1.5506 (2.487) -3.7197 (2.875) 
Reciprocity 0.6378 (4.017) 4.5055 (2.786) 
Two-path [TwoPath] -0.7325 (0.386) -0.9589 (0.483) 
Popularity spread [AinS] -0.7082 (1.123) 0.6672 (1.515) 
Activity spread [AoutS] -0.7627 (1.133) -1.1318 (1.733) 
Transitive closure [AT-T] 1.3713 (0.819) 0.2759 (1.473) 
Cyclic closure [AT-C] -0.6574 (0.79) 0.5542 (1.478) 
Multiple connectivity [A2P-T] 0.8588 (0.359)* 1.0483 (0.452)* 
Cross-level effects   
Cross-level edge [XEdge] -3.1548 (0.414)* -2.8065 (0.384)* 
Cross-level 3-star connectivity [XStar3A]   -0.0712 (0.036) -0.0891 (0.037)* 
Cross-level 3-star connectivity [XStar3B] 0 (0.001) 0.0007 (0.001) 
Cross-level closure-Four cycle [X4Cycle] -0.0121 (0.009) -0.0203 (0.009)* 
Affiliation based closure arc [TXAXarc] 1.401 (0.149)* 1.8124 (0.18)* 
Alternative affiliation-based closure arc [ATXAXarc] 1.7628 (0.916) - 
Affiliation based closure reciprocity [TXAXreciprocity] - -2.201 (0.881)* 
Alternative affiliation-based closure reciprocity [ATXAXreciprocity] -8.4152 (2.535)* -2.7059 (2.422) 
Affiliation-based closure arc [TXBXarc] 0.8444 (0.209)* 1.0168 (0.183)* 
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Affiliation-based closure reciprocity [TXBXreciprocity] 0.0271 (0.384) -0.2522 (0.294) 
Alternative affiliation-based closure arc [ATXBXarc] -0.0833 (0.995) - 
Alternative affiliation-based closure reciprocity [ATXBXreciprocity] 1.3949 (2.74) - 
Cross-level alignment entrainment [C4AXBentrainment] -0.1586 (0.017)* -0.1836 (0.024)* 
Cross-level alignment reciprocity [C4AXBreciprocity] 0.3538 (0.137)* 0.7268 (0.236)* 
* Indicates significant estimate. 
Standard errors are provided in brackets. 
Network A is decision-level (macro-level) network. Network B is interaction-level (micro-level) network. 
Considering the effects at social interaction-level (micro-level), the parameter estimates for 
multiple connectivity (A2P-T) effect were positive and significant in both models. This effect 
indicates open two-path configurations were likely in the interaction network creating 
alternative paths of information exchange between participants. Thus, there was a tendency 
for participants to exchange information indirectly through multiple others. This effect was 
above and beyond the other effects, including path closure, and tended to increase the length 
of interaction paths between the participants. 
Regarding cross-level effects, the negative and significant parameter estimates for the cross-
level edge (XEdge) in models 1 and 2 indicates the multilevel network in this case was 
characterised by a significantly lower number of cross-level ties than expected. This reflects a 
generally low tendency for participants to be involved in making decisions and influencing 
decision outcomes. This can be attributed to the traditional procurement approach used for 
the project which led to the involvement of groups of participants at different project stages. 
Using the traditional approach, the client’s architect and engineer were highly involved in 
developing the concept design and detailed design. The constructor was engaged to the 
project after the original concept design was completed. The constructor’s technical team was 
involved in decision-making only after the constructor proposed revising the design and 
construction methodology. In addition, the involvement of external regulatory authorities in 
the decision-making was generally low. All these could have contributed to non-significant 
participants’ involvement in the decision-making when considering all 42 decisions in this 
case. 
The parameter estimate for the cross-level 3-star connectivity (XStar3A) was also negative 
and significant in model 2. This configuration is a simple form of the cross-level connectivity 
spread (XASA). The negative and significant effect for this configuration indicates the cross-
level star configuration had a low frequency of occurrence in the multilevel network. Thus, 
decisions which involved three participants were not prevalent when considering the 
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important interaction. This was also indicated by the decision-involvement network in section 
4.1.3 indicating a few decisions involved only three participants. Nevertheless, the XStar3A 
configuration was included in the models to help model building, as including the higher-
order configuration (i.e., XASA) did not help model convergence. Similarly, the parameter 
estimate for the cross-level closure-Four cycle (X4Cycle) was negative and was significant in 
model 2, suggesting this configuration was unlikely to be observed. This indicates the co-
participation of individuals in pairs of unrelated decisions was generally unlikely, particularly 
when considering important information exchanges. The X4Cycle configuration assisted in 
model convergence and consequently was included in both models. 
The positive and significant estimates for Affiliation-based closure arc (TXAXarc) in both 
models indicate participants’ tendency to be directly involved in making sets of 
interdependent decisions. In addition, negative and significant estimates for Cross-level 
alignment entrainment (C4AXBentrainment) in both models suggest a low tendency for 
individuals involved in different, but dependent, decisions to directly interact. When 
considered together, it can be concluded that the dependent decisions were more likely to be 
made through direct involvement of a number of common participants. This indicates the 
associated information was transferred between dependent decisions through direct 
involvement of relevant individuals (with power to influence decision outcomes) rather than 
only through interaction with them. In other words, if participants had power to influence a 
decision outcome, they were more likely to be also involved in (and have the power to 
influence) outcomes of other related decisions. Thus, local clusters, within the multilevel 
network were likely to be formed, consisting of technically-related decisions and the common 
participants who were involved in them. Altogether, the evidence suggests where decisions 
technically depended on each other, the individuals were the primary means of transferring 
relevant knowledge and expertise between decisions rather than reliance on the 
communication flow. 
However, the results also indicate the participants’ high tendency for direct involvement in 
dependent decisions only existed when there was a single dependency between two decisions 
(i.e., only one of the decisions depended on the other), and this was not the case where two 
decisions were mutually interdependent. This is reflected by both the negative and significant 
parameter estimates for Affiliation-based closure reciprocity (TXAXreciprocity) in model 2, 
and the negative and significant parameter estimate for Alternative affiliation-based closure 
reciprocity (ATXAXreciprocity) in model 1, showing it was significantly unlikely to observe 
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these configurations in the models. As these effects suggest, where there was a mutual 
interdependency between two decisions (i.e., both decisions required information from each 
other), there was a low tendency for the individuals to involve (or co-participate) directly in 
making both of the decisions. At the same time, the positive and significant parameter 
estimate for cross-level alignment reciprocity (C4AXBreciprocity) effect indicates that where 
there was a mutual interdependency between two decisions, the participants involved in each 
of them had a high tendency to be involved in two-way interaction and mutual exchange of 
information. Overall, the evidence from these effects suggests that, in the case of a mutual 
interdependency between two decisions, mutual interaction was the likely means of 
information transfer between the two decisions. 
The positive and significant estimate for the Affiliation-based closure arc (TXBXarc) effect 
underlines the high tendency for participants jointly involved in making a decision to 
exchange information. In other words, information exchange between participants jointly 
involved in a decision-making scenario was prevalent in this case. 
Overall, the results of multilevel network analysis in this case reflect that where there was an 
information dependency between two decisions, at macro-level, the interaction pattern, at 
microlevel, facilitated the exchange of relevant information between the two decisions. Yet, 
the nature of the information exchange was different regarding the level of dependency 
between the two decisions. Where there was a single dependency between two decisions, 
direct involvement of participants in both decisions was prevalent, facilitating transfer of 
information and knowledge between the decisions. Put differently, in this situation, there was 
a high tendency for participants with the information and expertise relevant to a decision-
making scenario to also be involved in related decisions, and to exert power to influence the 
decision outcome, rather than only providing information. On the other hand, where there 
was a mutual interdependency between the two decisions, two-way interaction between 
participants in each decision was the likely method of information transfer between the two 
decisions. Finally, it was highly likely for participants jointly involved in a decision-making 
scenario to directly interact and exchange information. 
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4.6.6 Findings from case E 
The design decision-making and associated social interactions in this case were analysed 
from various aspects. Combining the analyses results, a number of characteristics were 
identified. 
End-use and regulatory requirements were the main factors influencing the concept design. 
When making early design decisions (for example D01, D02a, D02b, D02c), the client 
directly interacted with the end-users and regulatory authorities to ensure their viewpoints 
and requirements were included in the decision-making. At the same time, the client engaged 
the architect and engineer in the decision-making. These participants established direct 
interactions with external participants and the client. While the client was the central 
participant in early decisions about the scope of work and the use requirements, as the design 
process progressed into more details, the architect became the central participant in the 
interactions. The client was still involved in the decision-making through direct interactions 
with the architect and engineer. After the constructor was engaged in the project and design 
revision commenced, the constructor became the central participant in the interactions and 
the architect and client’s engineer were involved in most decisions through direct interactions 
with the constructor. 
The client empowered the architect, engineer and subsequently the constructor by giving 
them authority to make and revise design decisions. WHS risk management was a core value 
for the client. The client’s team welcomed and supported innovative solutions that improved 
constructability and WHS. This attitude motivated the constructor to propose revisions to 
design and construction methodology. As the constructor’s project manager stated: 
[Client] is a client that is very aware of risk. They have a risk management schedule 
we table every fortnight when we go into meetings. So, when we say to them that 
we’ve got a safe way of doing it which is going to minimise your OH&S risk, they’re 
obviously going to be as interested as any other party is, because it’s one of their 
philosophies by which they operate. That’s certainly, their values have certainly been 
key in this [design revision] even being looked at … because without the support of 
the client within a fixed lump sum scenario, this is almost an impossibility, because 
they have the leverage over the designs which, as a builder, you don’t. 
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Provisions were made for the constructor’s input into the design from the tender stage to 
design the construction process. The architect stated: 
So, what happened was the structural engineer had to make a decision in terms of 
well, they wanted to dictate the actual structural components of the basement. But 
then there’s another issue of how the builder decides to construct that basement. And 
it really wasn’t for the design engineer to tell them how to build it. Because we can go 
to extraordinary lengths of coming up with an idea and someone else have another 
way of doing it. So, we gave them a set of parameters to say, well look, these are some 
of the issues that we’ve got that you need to consider when you’re tendering it, but we 
want you to tell us how you want to build it. So, the documents were put together 
saying these are some of the restrictions that you have to work within, but you can 
come back to us and tell us whether you’ve got a better way of doing it and we’ll look 
at it, review it and take it from there, and that’s in fact what actually transpired 
through the project. 
The constructor’s input into the design and proposed revisions resulted in constructability and 
WHS improvements. Overall, detailed evaluation of WHS hazard controls in this case 
indicated a good level of WHS performance. The majority of high-level risk control measures 
was realised as a result of the design revisions. 
Through involving technical consultants, the constructor had access to specialist knowledge 
and expertise which, in turn, enabled the constructor to devise a better design solution and 
construction methodology. The constructor’s team members directly and frequently 
interacted with each other. The pattern reflected the collaborative nature of information 
exchanges between these participants, with the dominance of closed (triangular) tie 
configurations between team members. The constructor maintained high influence and 
managed the decision-making process by breaking up the design task into different 
components and making each consultant responsible for a particular component. At the same 
time, the constructor coordinated the design process to ensure the compatibility of different 
parts. As the capping engineer explained: 
We’re all structural engineers and we could do the whole shooting match, it’s not a 
problem, but it was just the way this was broken up into subcontracts by [the 
constructor] and each of their subcontractors was a pure D&C.  
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Considerations about the construction methodology were a key part of the constructor’s 
decision-making from the tender stage. The constructor even raised concerns about 
constructability and WHS aspects of the preliminary design as part of their tender response 
and proposed solutions to the client’s team. As the piling engineer stated:  
[The constructor] put a lot, they do on other projects too, have put a lot of work into 
doing it. You know, they’ll look at something like the [original] design and say, 
“Well, hang on, how are we actually going to build this?” Whereas others sometimes 
don’t; they just get you to price it. 
To the constructor, proposing a constructible and safe solution to the client was regarded as 
creating value and a competitive advantage. The constructor’s project manager explained 
that: 
I think in the competitive market you’re in, in order to win work an advantage you 
have is that you bring something to the table as well. It’s a fixed lump sum tender, it’s 
not a D&C contract. So, if we’re at the same price as another builder, but yet we’ve 
got this alternative, that could minimise OH&S risk, reduce costs, reduce time, and 
you have the same price as another builder, assuming you’re both reputable builders, 
as a client you’re going to choose the one with that alternative as an option, that may 
or may not get off the ground but at least you’ve got a chance. It might mitigate risk, 
it might mitigate time, save money, so all of a sudden there’s your advantage. 
During the design revision, the constructor was a central participant in the interaction 
network and the only connection point between the client’s team and technical consultants. In 
this position, the constructor both facilitated and controlled the flow of information between 
these two groups of participants. By acting as a broker, the constructor expanded the network, 
and provided the link to new and specialist knowledge held by the technical consultants. 
Access to this knowledge was important for devising an innovative solution to address 
constructability and WHS issues within the site constraints. In addition, the constructor’s 
direct and frequent interactions with the client’s team was a key factor in gaining their 
support for the changes, particularly when the detailed design had already been developed by 
other consultants (i.e., by the client’s architect and engineer) in a traditional procurement 
setting. The constructor’s project manager explained the situation:  
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I think more of the interesting in this case is the whole package had to be really 
special to have a client and a group of consultants entertain it. A lot of consultants 
and designers are very protective over their intellectual property and their ideas, and 
when you come up with something as good as this is, it might cause some 
embarrassment to some parties and I think that’s one of the challenges when you 
force designers to come up with better ways of doing things. When you’re doing a 
D&C market, it’s different; the builder has control of the design team. You can look 
at those things in collaboration, there’s no grief caused to either party, it’s how it’s 
understood to work. But when you come to a fixed lump sum scenario, which is what 
we are here, where fundamentally the design team doesn’t work FOR the builder, 
then you’ve got a lot of people you have to convince, and there’s a lot of egos that 
may or may not get in the way of something like this. So, just that alone is probably a 
very good feat, given the obstacles that are in front of you, to fundamentally change 
something as far as this has gone. 
Regarding interactions over the design process, non-centralised and collaborative information 
exchanges existed both within the constructor’s team and within the client’s team. At the 
same time, the constructor was the only point of connection between these two network 
segments, causing a centralised pattern of information exchanges between the two network 
segments. This caused an overall medium level of network centralisation for this case. A mix 
of centralised and non-centralised interaction patterns was also observed for individual 
decisions (see Table 4.14). The technical decisions about the original and revised design of 
the soil retention system mostly involved non-centralised and collaborative interaction 
patterns between the consultants. On the other hand, defining project requirements and scope 
of work (D01, D02b and D02c), approving the revised design (D20a and D20b), and 
decision-making about the construction process (e.g., D5b, D16a, D16b, D17b and D17c), 
involving constructor’s experience, were underpinned with centralised interaction patterns. 
There was a high-level of involvement in decision-making with an average of five 
participants in each decision. Revision of the design and construction process generally 
involved more participants than the original design decisions and positively impacted 
constructability and WHS. Participants with the highest involvement in the decision-making 
were the architect, client’s engineer, constructor and technical consultants engaged by the 
constructor. These participants represent both design and construction decision-makers. Due 
to the traditional procurement approach selected for the project, the constructor’s team was 
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involved after the tender process, while the client’s team made the original design decisions. 
In addition, external participants (building authority, heritage regulator and end-users) had a 
relatively low level of involvement in the decision-making and were mainly involved in early 
design decisions to ensure end-use and regulatory requirements were met. 
The significant effects identified from the multilevel network analysis in this case study 
reflect alignment of information exchanges with information interdependencies between 
decisions. The significant and positive affiliation-based closure effect reflects the match 
between participants’ expertise and decision dependencies and, more importantly, 
empowering participants to directly influence the decision outcomes when their skills were 
relevant. This also facilitates an efficient and direct transfer of knowledge and expertise 
between technically dependent decisions. An important finding was that the involvement of 
participants with relevant expertise in decision-making, both through interaction and by 
having the power to influence the outcomes of the related decisions, was prevalent (and 
significant) during the design decision-making. Furthermore, the positive and significant 
parameter estimate for the Cross-level alignment reciprocity effect indicates that, where there 
was a mutual interdependency between two decisions, the participants involved in each of 
them had a high tendency to be involved in two-way interaction and mutual information 
exchange. Thus, the results of the multilevel network analysis suggested where there was an 
information dependency between two decisions, at macro-level, the interaction pattern, at 
microlevel, facilitated the exchange of relevant information between the two decisions. 
However, the nature of the information exchange was different for the level of dependency 
between the two decisions. Where there was a single dependency between two decisions, 
direct involvement of participants in both decisions was prevalent, facilitating transfer of 
information and knowledge between the decisions. On the other hand, where there was a 
mutual interdependency between the two decisions, two-way interaction between participants 
in each decision was the likely method of information transfer between the two decisions. In 
addition, the results indicated it was highly likely for participants jointly involved in a 
decision-making scenario to directly interact and exchange information. 
Finally, although there was a late change to the use of the basement area, by making the 
basement a visitational area, the client’s team had foreseen the change and planned for it at 
early stage of the design. Therefore, the designers had been informed that the change could 
happen and the design was developed to allow flexible the basement use. Considering the 
requirements for the change early in the design process minimised extra work required to 
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accommodate the change. Informing the designers early about potential changes avoided 
extra work, and the potential constructability issues associated with it, during the construction 
stage.  
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 Case F – Rehabilitation of steel columns 
Summary of case F 
Case 
description 
The case involved rehabilitation of steel columns for a food processing plant. The plant had 
been partially damaged by a fire, resulting in its closure and loss of local jobs. The state 
government provided financial assistance to the client for rapid reconstruction of the facility. 
The client used an accelerated design and construct (accelerated D&C) approach and 
appointed a constructor to undertake the project. The client specified 10 months to finish the 
project. A preliminary assessment of damage was conducted by the insurance company and, 
based on the outcome, it was decided to replace three portal frames and the roof structure of 
the building while retaining and restoring the rest of the structure. This was despite the 
constructor’s preference to demolish and reconstruct the structure completely. The client’s 
intention was to minimise the duration and cost of the project and resume plant operations as 
soon as possible.  
 
The demolition of damaged structural parts started while the design was underway. A new roof 
was also installed on the existing structure. During demolition work, more damage to the 
structure was identified, but the client still insisted on retaining the structure. In addition, 
during the construction activities, the client decided to use the opportunity to increase the 
production capacity of the plant. Increasing plant capacity required upgrading services and 
equipment which, in turn, increased loads on the structure. It was decided to maintain existing 
columns and strengthen them by installing new columns adjacent to existing columns. The 
design was being developed as new information about the extent of damage to the building 
was becoming available during the construction. 
Key 
findings 
• A moderate level of WHS performance was assessed for this case. The average HOC 
score was 2.92.  
• Although government funding was crucial for initiating the project, it also constrained the 
decision-making by limiting project duration and influencing the design options to keep 
the cost low. In this context, design decision-making mainly involved trade-offs between 
time, cost, technological feasibility, production objectives, constructability and WHS 
requirements. A relatively higher priority was given to time, cost and production 
objectives. 
• The consultants and constructor had previously worked with the client. This working 
history was considered beneficial for trust-building between the parties and positively 
impacted the design decision-making. The main positive aspects were the participants’ 
familiarity with the client’s requirements, and their ability to bypass project formalities to 
focus on achieving the client’s objectives. 
• There was a number of transitions between centralised and non-centralised interaction 
patterns over the design process. Overall, the client’s engineer and client had the highest 
decision-making power. 
• No evidence was identified for the involvement of subcontractors and suppliers. The 
constructor had limited involvement in the decision-making. Yet, this involvement 
resulted in constructability and WHS benefits. 
• Dealing with WHS issues was mainly left to the construction participants. This was the 
consequence of time pressure and starting the construction process while the majority of 
the design decisions had not been made. Thus, there were fewer opportunities to address 
WHS issues during the design as the construction work was underway and on-site 
personnel were already dealing reactively with site requirements and hazards. 
• There was a high level of uncertainty as a result of fast-tracked decision-making. The 
formal design fell behind the actual construction process: a number of design decisions 
had to be made early on-site with limited information in hand and based on assumptions 
about the adequacy of the structure. In this situation, WHS-improvement efforts mainly 
focused on increasing on-site flexibility to address potential issues rather than effectively 
designing out the issues. 
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4.7.1 Overview of case F 
This case study is focused on the rehabilitation of steel columns for a food processing plant. 
The project involved reconstructing a food processing plant, on a brownfield site, located 
near an Australian capital city. The plant had been damaged by fire and was closed down. 
The plant had been operating for nearly a century and had an old design, so the client did not 
see much value in rebuilding it. However, many local jobs depended on the plant’s operation, 
so the state government provided financial assistance to the client for rapid reconstruction of 
the facility. The client decided to use an accelerated design and build procurement approach 
for the project. In addition, specialist consultants were engaged to design and install 
particular plant components, such as the water treatment plant and processing equipment. To 
protect their market share from competitors, the client decided to minimise the duration of the 
design and construction stages to 10 months. The project cost was estimated to be around 
A$100m. 
To determine the extent of damage to the structure, an assessment was undertaken by the 
insurance company. At the same time, a construction company which had previously worked 
with the client was appointed as the constructor to undertake the design and construction. 
Since their engagement, the constructor had expressed their preference to demolish and 
reconstruct the structure completely. However, based on the outcome of the damage 
assessment, it was proposed to replace three portal frames and the roof structure of the 
building, while retaining and restoring the rest of the structure. The client’s intention was to 
minimise project duration to secure the government funding and resume plant operations as 
soon as possible. 
 
4.7.2 The evolution of social interactions and the emergence of design decisions 
To accelerate construction, workers started to clear and strip the structure back to the steel 
frame soon after the preliminary damage assessment. At the same time, the design decisions 
about restoring the building were being made by the constructor and consultants. The 
structural engineer described the process: 
The client needed to have the works completed by October … which resulted in a tight 
deadline and concurrent construction works. As a result, some design decisions were 
made prior to an official approval by the client to allow the construction works to 
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continue. Without such decisions the construction works would have halted, severely 
impacting on the timeline. 
An early decision, made to expedite the construction process without full investigation of the 
structure, was to install a new roof on the existing structure. This decision subsequently 
influenced the decision to replace or restore the columns when extensive damage to the 
columns was uncovered. The constructor’s design manager described the situation: 
… between the columns there was those double skin block walls and they were all 
covered up and we kind of thought it looks a bit shonky, it looked dilapidated, but it 
didn’t look terminal … so the first thing we did was put the roof on before even the 
main building commenced. And it was agreed with the insurers, the costs were agreed 
so it seemed like at the time that it was signed off and that was the way we were going 
to proceed. I would have to check the dates but I am pretty sure that the roof was on 
before we uncovered the major issue. We knew there were issues arising as we were 
going back into it but didn’t realise the extent of it. Again, if we actually had the time 
we would have probably cleaned the whole out and had a look at it, then assessed it. 
But the roof on was a big issue for us. 
During the stripping of the building, it was revealed that column encasements were damaged 
and parts of the columns were affected by corrosion. The constructor’s suggestion to 
demolish the columns was rejected by the client because the client was concerned about the 
project duration, so the constructor was instructed to continue repairing the affected columns 
instead. The design manager explained: 
So, we took out the first three portal frames on the first three grids and the remainder 
was, when we started getting into it and uncovering all those areas was a whole 
nightmare … It was at the point, that it was a really good tipping point for the client, 
where we took them out there and showed them and said to them ‘look you have 
surface rust on these and you can see that it has gone beyond the surface and it is 
actually pitting into the structure’, which is when you get worried and we were like, 
‘it will probably extend all the way down to the footing, this is your last chance, do 
you want to bowl it over?’, and they have said, ‘No, we need to progress on’. They 
were concerned about the time frame, ironically despite the fact that it took us longer 
to fix it than it would to build a new one. So, at that point … we had to move on to the 
repair. 
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With financial assistance from the government, the client decided to use the opportunity to 
increase the plant’s production capacity. Increasing plant capacity required upgrading 
services and equipment which, in turn, increased loads on the structure. An assessment by the 
structural engineer indicated the columns needed to be strengthened to bear the increased 
loads. The structural engineer described that: 
In parallel with [the clearing works], the client made a decision that they wanted to 
upgrade their capacity … As a result, more services had to go through what was the 
old part of the building. From an engineering structural perspective, that meant that 
more load had to be held up; therefore, as an engineering consultant, we were 
required to assess the capacity of the existing frames as they were to take that 
increase load. As a result of the review process it was identified that the columns 
required stiffening/strengthening. 
Two options were proposed by the structural engineer: 1) to replace all existing columns with 
new, stronger columns, 2) to maintain existing columns and strengthen them. The client still 
believed that retaining and strengthening the existing columns would be more economical 
and quicker; therefore, the second option was selected. The structural design consultant then 
examined the structure to identify requirements for strengthening the columns and then, in 
partnership with the constructor, worked out the detailing of the strengthening works so that 
the work could be carried out safely. 
The columns were to be strengthened by welding stiffeners to the steel sections and replacing 
damaged sections. The process also involved installing new columns adjacent to the existing 
columns in some locations. An overall design was developed by the structural engineer and 
was provided to the constructor. It was then discussed whether to prefabricate the new steel 
sections or to make them on-site. Due to differences in the lengths of the new sections, 
prefabrication was not considered a useful method. As the structural engineer explained: 
If prefab had come onto the site, then that would have resulted in more work to make 
them ‘fit’ to each column. In the end, we ordered the steel in longer lengths, so that 
the new steel, being erected behind the existing columns, could be cut and fitted to 
size depending on the state of each individual column. This minimised the re-work 
that may have been required with the prefab. 
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Propping the existing structure was required as part of the strengthening process. Prior to 
commencing the works, a constructability review was undertaken with the involvement of the 
subcontractor engaged to undertake the strengthening. Working at height was identified as a 
major WHS hazard and using mobile elevated platforms was considered as a mitigation 
solution; however, the presence of props and other subcontractors working in the same area 
could restrict the use of the mobile elevated platforms. Subsequently, the constructor and 
design consultant modified the design to eliminate the props and a safe construction method 
was developed in consultation with the structural engineer. The structural engineer explained: 
From our perspective, as the structural engineers, we are worried about the 
structural integrity of the building. However, if the [constructor] advised [us] that 
they wanted to do the work without any temporary propping, then [we] would have to 
guide them on how to do that and still maintain the structural integrity of the frame. 
For example, some of the stiffening elements would be needed to be taken out so we 
would say [to the subcontractor] you need to put some elements in before you take 
some elements out. 
During the constructability review, the existence of open channel drains and uneven surfaces 
was identified as another issue restricting the use of mobile elevated platforms. It was 
decided to lay steel plates over the drains to address the issue.  
To connect new and old sections to each other, the contractor preferred welding rather than 
bolting. Bolting would require drilling holes in the existing steel and then having to line up 
those holes with the holes on the new sections. This would take more effort and be more 
difficult to achieve. The structural engineer believed welding the columns together provided 
much more flexibility in the connection as “it is easier and it is going to work every time”. 
The decisions interdependencies network for this case is shown in Figure 4.16. Each 
rectangle denotes a decision with a decision ID provided inside each rectangle at the top. The 
decision name and the decision outcome (selected option) are provided under the decision 
number in each rectangle. Links in the decision network indicate logical and/or information 
dependencies between decisions. 
Because of the extensive damage caused by fire to the old production facility, and 
encouraged by government financial assistance to save local jobs, the client decided to 
reconstruct the facility (D01). Having committed to reconstructing the facility, the client also 
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decided to use the opportunity to upgrade the plant and increase its production capacity 
(D03). This involved retrofitting the building structure. Based on the result of the insurance 
company’s structural damage assessment, and to constrain project cost and duration, it was 
decided to retain and restore the existing steel structure and only replace three portal frames 
and the roof structure (D02). However, increasing plant capacity required upgrading services 
and equipment which, in turn, increased loads on the structure. At the same time, during 
demolition, it was found that existing columns were corroded. As the decision had already 
been made to retain the columns, and a new roof had been installed on the building to 
accelerate the construction process, it was decided to strengthen existing columns (D04) by 
attaching stiffeners to column sections, replacing damaged parts and installing new steel 
columns behind existing ones. The footings also needed to be strengthened (D05) to bear the 
increased load of the new structure and the added equipment and services. As the new 
column sections were in different lengths, prefabrication was not considered a useful method 
and it was decided to assemble and install the new steel sections on-site (D07). In addition, to 
avoid drilling into existing columns and adjusting the connection holes, it was decided to 
weld the new steel sections and the stiffeners to the existing columns rather than using bolted 
connections (D08). This decision reduced installation time and effort. 
To attach the stiffeners and the new sections to the existing columns on-site, workers needed 
to work at height. To provide safe access to height, mobile elevated platforms were to be 
used. Propping the structure during installation would create an obstacle for mobile 
platforms. Consequently, the design was modified to eliminate the props and a safe 
construction method was developed (D06). 
To protect the structural steel from corrosion due to high levels of vapour and high humidity 
in the operational environment, the design consultant specified an underlying galvanised 
finish on the structural steel (D09). This protective layer was approved by the client and was 
supplied and assembled on-site. In addition, the columns were boxed in (as the final finish) 
based on the requirements of the Australian Quarantine and Inspection Service (D11). All the 
design information, including sketches originally developed to start the construction work, 
were encapsulated on the design drawings and any project specifications (D10). 
Subsequently, the design was revised and approved by the building authority (D12).  
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Decision ID
Decision Name
Decision Outcome
Decision made 
before construction 
stage
Legend
Decision ID
Decision Name
Decision Outcome
Decision made 
at construction 
stage
D01
Maintain operations
Rebuild the factory
Fire damaged the factory
- Government financial assistance
- Community support
D02
Retrofit the structure
Demolish 3 portal frames 
and major structural 
refurbishment
D03
Operational capacity
Expand and increase 
production capacity
D04
Strengthening the columns
Strengthening existing 
columns
D05
Strengthening the foundation
Strengthening existing footings
D06
Propping
No propping for the 
structure
D07
Construction method
On-site construction
D08
Method of strengthening / 
connections
Utilise on-site welding
D09
Protective layer for columns
Use galvanised steel
D10
Analysis and development of 
drawings
Final drawings developed from 
sketches and sequence of works
D11
Final finish to columns
Columns boxed in
D12
Design approval
Design approved by 
regulating authority
- Cost
- Time
- Insurance
- Extent of damage
- Existing new roof structure
Additional structural 
load from increased 
equipment and services
Increased structural load 
- Cost
- Time
- Available space
- Constructability
- Cost
- Operating environment/durability
- Condition of existing columns
- Constructability
- Time/Keep the project going
AQIS: 
Australian Quarantine and Inspection Service
- Government financial assistance
- Experience from other production facilities
Damage to columns 
was identified when 
stripping them back
Using elevated platforms
- Different lengths for new sections
- Different repair/strengthening 
requirements for columns
Flexibility in construction
- Time
- Constructability
Regulations
 
Figure 4.16: The decision network for reconstruction of food processing plant 
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The following Table 4.17 includes the key design decisions. In this table, each decision-making scenario and the interaction pattern that 
underpinned it is explained. 
Table 4.17: The interactions underpinning a number of key decisions 
ID Decision Participants and information exchanges Pattern of interaction during decision-making 
D01 Maintain plant operations 
Following the fire damage to the production 
plant, it was decided to reconstruct the facility. 
The government provided financial assistance 
to prevent the loss of local jobs. The 
requirement was to fast-track the facility’s 
reconstruction and resume operations as soon 
as possible. 
The client had the greatest influence on the decision 
outcome. The client was informed by the government and 
the community group that supported reconstruction of the 
facility. The insurance company provided an assessment of 
the extent of damage, as well as financial compensation to 
the client. Based on the information and support provided 
to the client, the decision was made to reconstruct the 
facility.  
 
D02 Reconstruct/retrofit the structure 
After assessment of the damage to the structure 
it was decided to demolish and replace three 
portal frames, and retain and restore the rest of 
the structure. The client was interested to 
constrain the duration and cost of the project, 
and resume operations in 10 months maximum. 
The client appointed a construction company to manage the 
project, and design and reconstruct the facility. The 
constructor engaged design consultants. The insurance 
company provided to the client an asssessment of the 
damage and informed the client of the finantial 
compensation available to the client. The engineer 
suggested demolishing the whole structure and 
reconstructing it; however, the insurance company 
supported restoring the existing structure. Negotiations 
between these parties were facilitated through frequent 
interactions between the project manager and client. By 
controlling the financial resources, the insurance company 
had the greatest influence on the decision. 
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D03 Increase operational capacity 
Given extensive reconstruction of the facility, it 
was decided to retrofit the plant and improve 
its operational capacity. The plant had an old 
design, and the client wanted to use this 
opportunity upgrade it. 
The client communicated their interest in upgrading the 
facility to the government and insurance company. Gaining 
the support of these participnants, the client informed the 
project manager about their intention. The project manager, 
in collaboration with the architect and engineer, evaluated 
the implications on the design and the existing structure. 
The outcome was communicated back to the client. The 
cost implications were discussed between the insurance 
company and the client. The client had the greatest 
influence on the design, followed by the insurance 
company and government. 
 
D04 Strengthening the columns 
The fire had damaged a number of columns. In 
addition, during the construction activities, it 
was discovered that the columns were highly 
corroded over the years due to the facility’s 
operational environment. Increasing the plant’s 
production capacity meant the structure needed 
to bear the extra loads of equipment and 
services. Therefore, it was decided to 
strengthen existing columns by attaching 
stiffeners to column sections, replacing 
damaged parts and installing new steel columns 
behind existing ones.   
Considering the increased load on the structure of 
equipment, services and the new roof, as well as the 
condition of the existing columns, the design team and 
project manager identified the requirements for restoring 
existing columns. A collaborative interaction pattern 
underpinned the decision-making process with direct and 
two-way information exchanges between the design team, 
project manager and client. The client and engineer were 
the influencial participants. In addition, the most frequent 
interactions were between the design engineer, engineer 
(consultant) and project manager. While there were direct 
interactions between these participants and the client, most 
information exchanges with the client were through the 
project manager. 
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D05 Strengthening the foundations 
Existing footings needed to be strengthened 
due to the increased load of the structure, and 
the added loads of new equipment, services and 
the new roof. 
The implications of increased loads on existing foundations 
were analysed by the design and construction team. A 
collaborative interaction pattern underpinned the decision-
making process. The constructor was directly involved in 
the frequent information exchanges. The client interacted 
with the rest of the participants mainly through the project 
manager. The client and engineer had the greatest influence 
during the decision-making. Most frequent information 
exchanges were betwenn the constructor and design 
engineers, between the engineer and project manager, and 
between the project manager and client. 
 
D06 Propping 
Propping the structure could restrict the use of 
the mobile elevated platforms which were 
required to work safely at height. 
Subsequently, the design was modified to 
eliminate props and a safe construction method 
was developed. 
The constructor and engineer had the greatest influence on 
the decision. The constructor’s preference was to eliminate 
the props and the engineer modified the design accordingly. 
The majority of the information exchanges were between 
the engineer and constructor. The project manager directly, 
but less frequently, interacted with all other participants. 
The architect and design engineer (from the project 
management organisation) were informed by the project 
manager about design changes and elimination of the props. 
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D07 Construction method 
It was considered whether to prefabricate the 
new steel sections or make them on-site. Due to 
differences in the lengths of the new sections, 
prefabrication was not considered a useful 
method and it was decided to assemble and 
install the new steel sections on-site. 
The constructor and engineer were the influential decision-
makers. The triangular (closure configuration which 
indicates collaboration) interaction pattern existed between 
the constructor, engineer and project manager. However, 
the majority of the information exchanges were between 
the constructor and engineer who jointly coordinated the 
design and construction method. The architect and project 
manager’s design engineer were only informed about the 
outcome.   
D08 Method of strengthening/connections 
Welding was selected as the preferred option 
for connecting the steel sections on-site. 
Bolting would require drilling holes in the 
existing steel and then having to line up those 
holes with the holes on the new sections. This 
would take more effort and be more difficult to 
achieve. 
A centralised pattern of interaction underpinned the 
decision-making. The constructor and engineer had the 
greatest influence on the decision outcome. The architect 
was informed by the engineer. The engineer involved the 
project manager in the interactions. The project manager’s 
design engineer was informed about the design decision 
(for design check). 
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D09 Protective layer for columns 
To protect the structural steel from corrosion 
due to high levels of vapour and high humidity 
in the operational environment, an underlying 
galvanised finish on the structural steel was 
specified. 
The design consultant (engineer) specified the underlying 
galvanised finish on the structural steel. This protective 
layer was approved by the client. The engineer had the 
greatest influence. A triangular (collaborative) interaction 
pattern existed between the engineer, architect and project 
manager. The architect mostly received information from 
the engineer. The proposed design solution was 
communicated to the client by the project manager. The 
client was the second most influential participant. The 
constructor was informed about the outcome by the project 
manager. 
 
D10 Analysis and development of drawings 
All design information, including sketches 
originally developed (based on experience) to 
start the construction work, were encapsulated 
on the design drawings and any project 
specifications. 
The engineer and architect had the greatest influence during 
the structural analysis and development of drawings. The 
architect was the central participant during the interactions. 
A closed pattern of information exchange underpinned the 
process. The architect only recived information from the 
engineer, but engaged in two-way interactions with the 
project manager. 
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D11 Final finish to columns 
The columns were boxed in (as the final 
finish), based on requirements of the Australian 
Quarantine and Inspection Service. 
The health requirements were specified by the health 
regulator and communicated to the client and project 
manager. The project manager was the only point of 
contact transmitting the information to the design team. The 
architect reflected the health requirements in the drawings 
and specified the final finish to the columns accordingly. 
The health regulator had the greatest influence on the 
decision. The architect was the second most influential 
participant. 
 
D12 Design approval 
The design was revised and approved by 
building authority. 
The project manager was the central participant and the 
contact point between the design team and building 
regulator. The architect and engineer supplied the design 
information to the project manager. Frequent and two-way 
interactions took place between the project manager and 
building regulator. Thus, the project manager was the 
central participant during the interactions. The building 
regulator had the greatest influence, followed by the project 
manager. 
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With consideration of the interaction patterns that underpinned the key decisions in this case, 
different groups of decisions were identified: 
• Early decisions about reconstructing the facility and increasing its operational capacity 
(D01, D02 and D03) were highly influenced by the client and external stakeholders, 
including the insurance company, government and the community group. The 
government’s financial assistance was a key factor encouraging the reconstruction of the 
facility and the subsequent decisions. At the same time, this financial incentive, which 
aimed to prevent the loss of local jobs, restricted the duration of the project (time 
constraint). Furthermore, by controlling the financial compensation payable to the client 
and judging the extent of damage to the structure, the insurance company greatly 
influenced the decision to retain and restore the structure rather that demolish and rebuild 
it. Consequently, there was limited opportunity to enhance the design and plan the 
construction process to improve constructability and WHS. The interaction patterns 
underpinning these decisions were centralised and there was a high frequency of 
interactions between the client and external stakeholders. The construction participants 
were not involved in the decision-making at this stage. 
• Decisions to strengthen the columns and footings (D04 and D05) were underpinned by a 
highly collaborative interaction pattern between the design consultants (engineer and 
architect), client, project manager and constructor. This was indicated by the direct and 
two-way information exchanges between these participants. As these decisions were 
about the structural stability of the building, the engineer was highly influential during the 
decision-making. At the same time, the client affected the decision-making by making the 
decision to upgrade the plant which, in turn, increased the load on the structure. The client 
also set the time and cost constraints which affected the design. Furthermore, the 
constructor was directly involved in the interactions about the footings. 
• Decisions about restoring the columns and the construction method for doing so (D06, 
D07 and D08) were highly influenced by the engineer and constructor. In addition, the 
interaction patterns during the decision-making were centralised. The decisions were 
directly related to the construction process and were made to accommodate the 
constructor’s preferences. As the participants explained, these decisions generally 
resulted in constructability and WHS improvements by providing flexibility for the 
construction process and reducing on-site effort (e.g., fewer adjustments to steel sections, 
no need to align bolt holes, and no propping of the structure which also reduced obstacles 
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on-site and facilitated the use of elevated platforms). The high frequency of information 
exchanges between the engineer and the constructor was notable during the decision-
making which helped to coordinate the design and construction process and adjust the 
design to improve constructability requirements. 
• The architect and external regulators (when they were involved) were highly influential in 
decisions about the final finish to the structure (D09 and D11), final design documents 
(D10), and final design approval (D12). In addition, the project manager was a central 
participant during the interactions, and often there was a triangular (closed) interaction 
pattern between the architect, engineer and project manager. Communication with the 
regulators was through the project manager. 
 
4.7.3 WHS outcomes 
The frequent WHS hazards in this case were “overexertion and bodily reaction” and “struck 
by objects or equipment”. These hazards were mostly associated with on-site activities such 
as erecting new column sections, cutting steel sections, modifying steel sections, and 
attaching stiffeners to them. There was high reliance on administrative controls (i.e., training, 
Safe Work Method Statements) to address these hazards. Nevertheless, the decision to 
fabricate steel sections on-site provided more flexibility and reduced the extra effort 
associated with on-site modification of steel sections due to different lengths needed. 
Another main hazard was “fall to lower level”, as most on-site tasks involved working at 
height. To address this hazard, the constructor decided to use mobile elevated platforms. To 
implement this hazard control, changes were required to the design to eliminate props which 
could cause access problems for the mobile elevated platforms. Eliminating props also 
reduced on-site effort and manual handling involved in installing them. In addition, to 
facilitate movement of mobile platforms over open drainage channels, steel plates were 
installed over the drains. 
The decision to weld the steel, rather than using bolts, eliminated the effort required to drill 
holes in the steel and align bolt holes. However, when welding, workers were exposed to 
electrocution hazard and there was a risk of igniting their cloths. These hazards were 
controlled by training and Safe Work Method Statements (administrative control). 
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The excavation work to expose existing footings was mainly done manually. Similarly, 
retrofit and strengthening of footings, by adding bars, increasing their depth and pouring 
concrete, mostly involved manual work. “Overexertion and bodily reaction” and “struck by 
objects and equipment” issues associated with the manual work were controlled by training, 
Safe Work Method Statements, and PPE.  
Overall, there was a high reliance on behavioural controls (i.e., administrative controls and 
PPE) to address WHS hazards in this case. Dealing with WHS issues was mainly left to the 
construction participants with only a few exceptions, such as the design decision to eliminate 
props and the decision for on-site construction which involved less effort and more flexibility 
in comparison to prefabrication in this case. Detailed evaluation of WHS hazards controls in 
this case is provided in Table 4.18. The average HOC score indicates a moderate to low level 
of WHS performance for this case. 
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Table 4.18: Assessment of WHS hazard controls for reconstruction of the food processing plant  
Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
Strengthening of steel 
columns 
Installation of new column 
sections and stiffening 
plates to damaged/rusted 
columns 
Falls to lower level Using mobile elevated platform (cherry 
picker) to undertake the work 
Substitution 4 
2.92 
Strengthening of steel 
columns 
Erecting new column 
sections behind the existing 
columns, using crane 
Struck by heavy objects Training, Safe Work Method Statements 
Administrative 2 
Strengthening of steel 
columns 
Possible alteration to steel 
members to fit to each 
column 
Overexertion and bodily 
reaction 
On-site construction, steel sections 
ordered in long sections to minimise re-
work that may have been required with 
prefabrication 
Substitution 4 
Struck by object or 
equipment 
Strengthening of steel 
columns 
Cutting steel sections on-
site 
Overexertion and bodily 
reaction 
Training, Safe Work Method Statements 
Administrative 2 
Strengthening of steel 
columns 
On-site welding 
Exposure to electricity Training, Safe Work Method Statements 
Administrative 2 Ignition of clothing from 
controlled heat source 
Strengthening of steel 
columns 
Propping to support 
structure while 
strengthening work in 
progress, causing access 
problems for mobile 
Struck, caught, or crushed 
in collapsing structure, 
equipment, or material 
Design adapted, no propping required 
Elimination 5 
Overexertion in holding, 
carrying, or wielding 
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Activity Work Task Hazard Hazard Control HOC Level 
HOC 
Score 
HOC 
Average 
elevated platform as well as 
other trades 
Strengthening of steel 
columns 
Moving elevated platforms 
over uneven floor slab 
(open channel drains) 
Struck, caught, or crushed 
in collapsing structure, 
equipment, or material 
Install steel plates over drains so the 
mobile plant can travel safely 
Substitution 4 
Falls to lower level 
Strengthening existing 
footings 
Excavation and cutting 
concrete to access footings 
and inspect them 
Overexertion and bodily 
reaction 
Training, Safe Work Method Statements 
Administrative 2 
Strengthening existing 
footings 
Footing retrofit, adding 
bars, increasing depth and 
pouring concrete (mostly 
manual work) 
Overexertion and bodily 
reaction 
Training, Safe Work Method Statements 
Administrative 2 
Pouring concrete 
Using concrete pump to 
pour concrete, high pressure 
release of concrete 
Struck by object or 
equipment 
Developing Safe Work Method 
Statements, workers induction, PPE, 
regular testing and cleaning of pumps and 
lines 
Administrative 2 
Exposure to harmful 
substances or environments 
Overexertion and bodily 
reaction 
Applying columns 
finishing 
Columns boxed in 
Overexertion in lifting, 
lowering 
Training, Safe Work Method Statements 
Administrative 2 
Applying columns 
finishing 
Underlying protective 
galvanised layer 
Overexertion and bodily 
reaction 
Galvanising done off-site 
Substitution 4 
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4.7.4 Overall interaction and decision-involvement patterns and measures 
The overall interaction pattern during the design decision-making is shown in Figure 4.17. 
The figure indicates the average frequency of information exchanges between the project 
participants. The normalised valued density for the network was 4.27% and the binary 
network density was 34.5%, indicating a medium level of connectivity between the 
participants since 34% of potential ties were reflected in actual information exchanges. The 
average tie value was 0.62, the maximum tie value was 2.25. Nine ties (24% of the existing 
ties) had a tie value of at least 1, indicating occasional interactions between the two 
participants, on average, over the design process. The most frequent interactions took place 
between the engineer and project manager, between the client and project manager, between 
the architect and project manager, and between the constructor and engineer.  
Regarding the distribution of node centrality within the network, the values for network out-
degree centralisation and in-degree centralisation were 0.39, indicating a non-centralised 
pattern of interaction between participants. This indicates the majority of participants were 
similarly central in taking part in direct interaction with others. This was particularly evident 
from the interaction pattern between the design consultants, project manager, constructor and 
client. 
Considering the individual nodes in the network, the average values for both in-degree and 
out-degree centrality were 3.45, showing that participants on average interacted with three to 
four other participants during the design process. The client was the most central participant, 
with in-degree and out-degree centrality values of 7. The project manager was similarly 
central with in-degree centrality of 7 and out-degree centrality of 6. The building regulator 
only interacted with the project manager. In the same way, the insurance company only 
interacted with the client. In fact, the client was the only connection point between external 
project sponsors (the government, insurance company and community group) and the rest of 
the technical participants. 
Overall, the network pattern reflects a central role for the client, who gained the support of 
the government and insurance company and initiated the project. The majority of the client’s 
interaction was with the project manager, as evidenced by the relatively strong interaction tie 
between them. The project manager, in turn, frequently interacted with the rest of the 
technical participants. This pattern suggests a hierarchical communication arrangement in this 
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case with the project manager acting as the intermediary between the client and technical 
participants. 
 
Figure 4.17: The overall pattern of interaction during the design decision-making process 
The involvement of project participants in making design decisions is indicated by the 
bipartite network in Figure 4.18. In this network, each link between a participant and a 
decision shows the participant was influential during the decision-making: that is, the 
participant possessed power to shape the decision outcome. 
On average, each decision was made with the involvement of nearly five participants 
(average degree centrality for decisions was 4.75). Making decisions about increasing the 
plant’s operational capacity (D03), and strengthening the foundations (D05), involved the 
highest number of participants (each involved six participants) in comparison to the other 
decisions. In addition, five participants were involved in making decisions about 
restoring/reconstructing the structure (D02), strengthening the columns (D04), eliminating 
props (D06), fabricating new steel sections on-site (D07), using on-site welding rather than 
bolting to connect steel sections to each other (D08), and the final finish to steel columns 
(D11). These decisions were technical and aimed to improve constructability (and WHS) by 
increasing the flexibility of construction process: that is, to enable adjustments during 
construction in case issues arose. 
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The minimum number of participants in a decision was three. This was during the analysis 
and development of design drawing which, ironically, was undertaken while the majority of 
the construction activities were underway. Hence, final design documents were formally 
developed based on the design sketches made during the construction process. The project 
manager, engineer and architect were involved in this process. 
 
Figure 4.18: The overall pattern of involvement in the design decision-making 
On average, the project participants were involved in five decisions (the average degree 
centrality for participants were 5.2). The architect, engineer and project manager had the 
highest level of involvement in the design decision-making (by having decision-making 
power in 11 decisions) in comparison to other participants. Only one key decision was made 
without the involvement of these participants. This decision was about initiating the project 
(D01) which was made by the client and external stakeholders who supported the project. 
The other influential participant was the client who influenced the outcome of seven 
decisions. The decisions were about the nature of the reconstruction process and upgrading 
the facility, which directly impacted the duration and cost of the project; hence, the client was 
interested to directly influence these decisions. In the same way, the insurance company and 
government were highly influential during early decisions which led to restoring the 
structure. Moreover, these participants influenced the project’s duration and cost constraints. 
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The constructor’s involvement in decision-making was relatively low. The constructor only 
influenced four decisions which were directly associated with the construction process (D05, 
D06, D07 and D08). The constructor’s preferences were taken into account when making 
these decisions, resulting in increased flexibility during the construction activities. 
 
4.7.5 Multilevel network analysis 
To account for the interdependencies between social interactions and technical decisions 
across levels, Multilevel Exponential Random Graph Models were used. Because the 
importance of information exchanges was not captured in this case, one model was fitted to 
the data. All information exchanges between participants were account for in the model. The 
network effects (configurations) included in the models comprised both interaction-level 
(micro-level) effects and cross-level effects. The interaction-level effects reflected the local 
information exchanges between participants, while the socio-technical dependencies were 
accounted for by cross-level effects. The parameter estimates in the model converged. The 
exclusion of simple (3-star) cross-level connectivity effects (XStar3A and XStar3B) helped 
model convergence. 
The goodness-of-fit check indicated the model was capable of reproducing the properties of 
the observed network well. The goodness-of-fit t-ratio, in absolute value, was less than 0.1 
for fitted effects and less than 2 for unfitted effects. These values are below suggested 
thresholds (see Chapter 3). Parameter estimates for the model are presented in Table 4.19. 
The significant estimates are marked with a * indicating that the associated configurations 
were observed more than anticipated (if the parameter value had been 0), given the other 
effects included in the model. The parameter estimates for each effect, and the corresponding 
standard error (in brackets), are presented in the table. 
Table 4.19: Parameter estimates for the ERGMs 
Effects Model 1 
Interaction-level effects  
Arc -4.4944 (2.725) 
Reciprocity 7.6727 (4.119) 
Two-path [TwoPath] -0.2513 (0.407) 
Popularity spread [AinS] 0.4082 (1.279) 
Activity spread [AoutS] -2.012 (1.612) 
Transitive closure [AT-T] 1.2262 (0.833) 
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Cyclic closure [AT-C] -0.8237 (0.741) 
Multiple connectivity [A2P-T] 0.433 (0.346) 
Cross-level effects  
Cross-level edge [XEdge] 35.0175 (15.873)* 
Cross-level connectivity spread [XASA] -20.0173 (8.286)* 
Cross-level connectivity spread [XASB] -2.6988 (1.3)* 
Affiliation based closure arc [TXAXarc] -0.0554 (0.849) 
Alternative affiliation-based closure arc [ATXAXarc] 9.7201 (5.626) 
Affiliation-based closure arc [TXBXarc] 1.8516 (0.597)* 
Affiliation based closure reciprocity [TXBXreciprocity] -1.5217 (0.903) 
Alternative affiliation-based closure arc [ATXBXarc] 0.4224 (1.794) 
Alternative affiliation-based closure reciprocity [ATXBXreciprocity] -0.161 (3.432) 
Cross-level alignment entrainment [C4AXBentrainment] -0.0656 (0.05) 
Cross-level alignment reciprocity [C4AXBreciprocity] 0.8361 (0.487) 
* Indicates significant estimate. 
Standard errors are provided in brackets. 
Network A is decision-level (macro-level) network. Network B is interaction-level (micro-level) network. 
None of the interaction-level effects was significant in this case. In particular, since none of 
the closure parameter estimates were significant, no evidence was found for path closure, 
indicating there was no tendency for local exchange of information and formation of local 
collaborative groups. In the same way, non-significant activity spread and popularity spread 
effects suggest there were no significantly active or popular participants in the interaction 
network; thus, there was no evidence for a highly centralised interaction pattern in this case. 
What is more, initial interaction between two participants – that is, sending information from 
one participant to the other – did not affect their tendency to engage in two-way interaction, 
as indicated by the non-significant reciprocity effect. 
Regarding cross-level effects, the positive and significant parameter estimate for the cross-
level edge (XEdge) in the model indicates the multilevel network in this case was 
characterised by a significantly higher number of cross-level ties than expected. This reflects 
a generally high tendency for the participants to involve in making decisions and influence 
the decision outcomes. However, this tendency did not lead to the observation of highly 
central decisions or participants in the multilevel network. This was indicated by parameter 
estimates for cross-level connectivity spread (XASA and XASB) which were negative and 
significant, indicating the cross-level star configuration had a low frequency of occurrence in 
the multilevel network. Thus, decisions which involved a significantly high number of 
participants (XASA), relative to other decisions, were not prevalent. Similarly, it was not 
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likely for a participant to be involved in a significantly higher number of decisions (XASB), 
compared to other participants. In other words, the high tendency to involvement in decision-
making was relatively equal for the participants. 
The positive and significant estimate for affiliation-based closure arc (TXBXarc) effect 
reflects the high tendency for participants jointly involved in decision-making to exchange 
information. In other words, joint participation in decision-making increased participants’ 
tendency to exchange information, above and beyond other effects. 
The negative and non-significant parameter estimate for the affiliation-based closure arc 
(TXAXarc) suggests no tendency for participants to be involved in inter-related decisions. In 
other words, influencing a decision outcome did not affect participants’ tendency to be 
involved in (i.e., influence the outcome of) other dependent decisions. Similarly, the negative 
and non-significant parameter estimate for cross-level alignment entrainment 
(C4AXBentrainment) show no tendency for participants to interact with other participants 
involved in dependent decisions; that is, participants’ tendency to interact was not affected by 
their involvement in dependent, but separate, decisions. 
Overall, the results of multilevel network analysis in this case reflect a moderate alignment 
between the decision network and the interaction network. There was only statistical 
evidence suggesting a high likelihood for participants jointly involved in making the same 
decisions to exchange information. However, no evidence was found for participants’ 
increased tendency to exchange information with others involved in dependent decisions; 
thus, there was no significant alignment between the pattern of decision dependencies and the 
pattern of information exchanges. Similarly, there was no significant propensity for 
participants to be involved in interdependent decisions; hence, there was no significant 
alignment between the pattern of decision dependencies and the pattern of participants’ 
involvement in decisions. Lastly, there was no evidence for a generally high tendency of 
mutual or collaborative information exchange between participants. 
 
4.7.6 Findings from case F 
Through the combination of the decision circumstances and the interaction patterns 
underpinning the design decision-making in this case, a number of specific characteristics 
were identified. 
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Time pressure was a key constraint affecting the design decision-making. From the project’s 
commencement, the client emphasised that keeping the project duration within 10 months 
was a high priority. This emphasis, in turn, affected a number of subsequent decisions, such 
as the decision to replace or restore existing steel columns. In addition, the client’s decision 
to upgrade the facility and increase its operational capacity further complicated the design 
and increased time pressure, as the finish date for the project was unchanged while extra 
design and construction works were required to strengthen the existing structure. The 
structural engineer explained the situation: 
The main constraint in the design process was from the client. It was the client’s 
decision to replace or strengthen. It is their money and the client took some time to 
deliberate. It was clear about what the client wanted on this project is that it is 
critical that this project has to be completed and production needs to commence by 
November this year and so that MUST be achieved. 
The time constraint also led to construction activities commencing while the design was still 
underway. Consequently, the formal design fell behind the actual construction process and a 
number of design decisions had to be made early on-site with limited information in hand. 
The structural engineer described the circumstances: 
Initially the column design was done via a hand drawn site instruction, which after a 
period of time was issued as part of the detailed design. So, there was a particular 
aspect of the work that needed to be done to keep the programme going, so that 
aspect was instructed by hand drawn sketches and so forth but it is also part of an 
overall concept so that drawings will get onto a fully detailed design drawing as part 
of a bigger package of work. 
A consequence of instant decision-making with limited information and high reliance on 
assumptions was that a number of these early decisions caused constraints for subsequent 
design decisions. For example, the decision to install a new roof on existing columns, made 
before a comprehensive investigation of the extent of damage to the columns, later 
constrained the decision to replace the columns, as the roof was already on and there were 
additional financial implications with removing the structure. The architect reflected on the 
situation stating that: 
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Keeping in mind that we are trying to fast track the project, so we are not saying let’s 
go through the design process and let’s think about it. We really need to make instant 
decisions because projects like this, and I have done a number of these fire damaged 
projects, you have to make a decision and run with it. It may not be the right decision 
all the time and I guess you may say to yourself, “that column is more than a 
hindrance but we will leave it there because we are not going to get paid to pull it out. 
Therefore, structurally we will leave it there”. So a lot of it will be financially driven. 
Despite the client’s emphasis on reducing the project duration, the constructor perceived that 
the client’s attempt actually led to an opposite result with the restoring works taking longer 
than reconstructing the structure, stating that ‘... it took us longer to fix it than it would to 
build a new one”. 
The designer and the constructor had previously worked with the client on other projects. 
This working history was considered to create trust between the parties and positively impact 
the design decision-making. The main benefits highlighted by the project participants were 
facilitating a better understanding of the client’s requirements, bypassing the project 
formalities to make decisions quicker, and trust relations between the constructor, consultants 
and client. The structural engineer explained: 
Because of the history between [the designer, client and constructor], there is an 
implicit understanding of what is required on their projects … There is a lot of trust 
between the different organisations and we are able to say, “Righto, are you happy 
for us to do that, there will be a fee?’ They say, “yeah no worries, just get it to us”. 
So we say fine. We know that we are going to get paid. We just have to put our 
proposal together so we will just go ahead and do it and we will be actually doing 
things before we have gotten a letter saying, “This is how much you are going to get 
paid for doing it”. Whereas in other scenarios, where it is a hard-nosed consultant 
team assembled by a client who says, “I want that engineer and I want that architect 
or that draftsman”; he doesn’t care if they have worked together before, he doesn’t 
care if they have worked for him before and people are more cautious. They will say 
that “we will not start work until we have an agreement in place; so that when you do 
start work you do know that you are going to get paid”. So there is a level of trust 
between the consultant and the team and the contractor and also between the 
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contractor and the client that they are going to do things to achieve what the client 
wants to do. 
The interactions between the constructor and design consultants facilitated consideration of 
the construction requirements when making a number of design decisions. For instance, 
eliminating props, on-site fabrication of new steel sections, and the decision to connect the 
steel sections by welding, were considered to enhance the flexibility on-site and improve 
constructability. The constructor had direct input into these design decisions. 
Nevertheless, WHS-related decision-making was undertaken within the project constraints. 
Safety in design solutions were the result of trade-offs between cost, time, technology, 
constructability and WHS requirements. Thus, for the majority of hazards, implementing 
high-level technological controls was not possible. As a result, there was a high reliance on 
behavioural controls. This situation was exacerbated by the fast-tracked design decision-
making which, in many instances, prohibited full consideration of design aspects and 
outcomes, and increased reliance on on-the-spot solutions and assumptions, mainly in 
relation to suitability of the existing structure. 
There was a number of transitions between centralised and non-centralised interaction 
patterns over the design process, with different groups of participants being influential at 
different points. Early decisions (D01, D02 and D03) were predominantly influenced by the 
client and external stakeholders (as evident from the interaction patterns), with an emphasis 
on time and cost. These decisions were the basis for subsequent design decisions and 
influenced the overall design solution for reconstructing the facility. Involvement of the 
constructor and consultants in these decisions was minimal. As the design process continued, 
the involvement of these participants increased. When making decisions to strengthen 
columns and foundations (D04 and D05) the interaction patterns become less centralised and 
more collaborative. Yet, as the decision-making became more technical and detailed, the 
influence of the consultants and constructor increased and, once again, the interaction 
patterns became more centralised. The final decisions about the finish to the structure, and the 
overall design approval, were influenced by the consultants and external regulatory parties 
through centralised negotiations. 
As a consequence of transitions between centralised and non-centralised interaction patterns, 
the centralisation value for the overall communication pattern was medium (approximately 
40%). The pattern also reflected a central role for the client, who gained the support of the 
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government and insurance company, and initiated the project by engaging the constructor and 
consultants. In addition, the overall pattern suggested a hierarchical communication 
arrangement, with the project manager acting as the intermediary between the client and 
technical participants. 
There was a medium level of involvement in decision-making over the design process. On 
average, five participants (nearly 50% of participants) were involved in making each 
decision. Making decisions about upgrading the facility, as well as the technical decisions, 
involved the highest number of participants. In addition, each participant, on average, was 
involved in five decisions (approximately 40% of decisions). The architect, engineer and 
project manager had a high level of involvement in the technical design decision-making. The 
client influenced the outcome of decisions about the nature of the reconstruction process and 
upgrading the facility, which directly impacted project duration and cost. Similarly, the 
insurance company and government were highly influential during early decisions which led 
to restoring the structure. 
Despite collaborative information exchanges when making some design decisions (e.g., D04, 
D05 and D07), the multilevel network analysis found no evidence for a generally high 
tendency of mutual or collaborative information exchanges between the participants. The 
results suggested only a moderate alignment between the decision network and the interaction 
network. This was indicated by a high likelihood for participants jointly involved in making 
the same decisions to exchange information. However, there was no significant alignment 
between the pattern of decision dependencies and the pattern of information exchanges. 
Similarly, there was no significant alignment between the pattern of decision dependencies 
and the pattern of participants’ involvement in decisions. 
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Chapter 5 – Cross-case analysis and discussion 
 Introduction 
In the previous chapter, each case was described in terms of social network characteristics 
and WHS performance. In addition, specific attributes and features of interaction patterns in 
each case were identified and analysed while considering multilevel interdependencies 
between interactions and design decisions. Using significant factors and features identified 
during the case analyses, a cross-case comparison is undertaken in this chapter to identify 
similarities and differences between the cases, and to establish a link between these features 
and WHS performance. To do this, the cases are grouped together based on their WHS 
performance, and within-group and between-group comparisons are made and discussed to 
understand and explore how interaction features could have influenced WHS-related 
decisions and outcomes. The chapter ends with an overall view of the features and 
characteristics of interaction networks that support effective WHS-related decision-making. 
 
 Comparison of case attributes and structures 
The cross-case analysis begins with a comparison of case attributes and contextual factors. 
This general comparison provides a setting to further compare and discuss the specific 
features of interaction patterns between the cases, and to investigate how these features 
influence WHS-related decisions and outcomes. Table 5.1 includes a summary of key 
attributes and contextual factors across the cases. 
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Table 5.1: Comparison of attributes and contextual factors between cases 
Attributes Case A Case B Case C Case D Case E Case F 
Feature of work Construction of a high-
rise façade system 
Installation of roof 
and wall cladding 
Erection/installation 
of roof structure 
Construction of 
foundation system 
and steel structure 
Construction of a 
basement structure 
Installation and 
rehabilitation of steel 
columns  
Industry sector Residential Industrial Industrial Industrial Commercial/Public Industrial 
Procurement 
approach1 
D&C D&C D&C D&C Traditional Accelerated D&C 
Number of 
participants in 
design decision-
making 
13 10 8 9 11 11 
Diversity of 
participants in 
decision-making 
and interactions 
- Client 
- Client’s consultants 
- Constructor’s design 
manager  
- Constructor’s 
construction managers 
- Independent engineer 
- Senior advisors from 
constructor’s 
organisation 
- Construction process 
planner/coordinator 
- Suppliers/ 
subcontractors 
- Client 
- Client’s consultant 
engineer 
- Client’s project 
manager 
- Constructor 
- Constructor’s 
external design 
engineer 
- External regulator 
and reviewers 
- Subcontractors 
- Client 
- Client’s 
consultant 
engineer 
- Client’s project 
manager 
- Constructor 
- Constructor’s 
external design 
engineer 
- External 
reviewers 
- Subcontractor 
- Client 
- Client’s consultant 
engineer 
- Client’s project 
manager 
- Constructor 
- Constructor’s 
external design 
engineer 
- External reviewers 
- Subcontractors 
- Client 
- Client’s 
consultants 
- End-users 
- Regulators 
- Constructor 
- Constructor’s 
technical 
consultants /design 
team 
- Supplier/ 
Subcontractor 
- Client 
- Government 
representative 
- Community group 
- Insurance 
company 
- External regulators 
- Constructor 
- Constructor’s 
design consultants 
- Project manager 
organisation 
                                                 
1 Traditional: Design-bid-build procurement approach. The design, bid and construction phases are sequential. Design is developed by client’s consultants prior to selecting 
general constructor. During the bid phase, the client receives multiple bids from interested constructors and selects the general constructor who provides “the best value for 
money”. 
D&C: Design and construct procurement approach. The client awards the contract to one firm (general constructor) to design and construct the project. 
Accelerated D&C: Accelerated design and construct approach. One firm is responsible for project design and construction. The design and construction phases overlap to 
reduce project delivery time. 
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Novelty of works1 Non-routine design: 
- Unique architectural 
design 
- Specific material, more 
suitable for low-rise 
facades 
- Installation on a high-rise 
building 
Routine Routine Routine Non-routine 
construction 
methodology: 
- Site constraints, not 
allowing use of 
routine construction 
methods 
Routine, but highly 
uncertain due to 
unavailability of 
information about the 
condition of structure 
and no formal design 
when commencing 
construction 
Setting for design 
and construction 
decision-making 
- Concept design done 
by client’s architect 
and engineer 
- Detailed design and 
construction decision-
making done within a 
single organisation 
- Concept design 
done by client’s 
engineer 
- Detailed design 
and construction 
decision-making 
done by different 
organisations that 
had previously 
worked together 
- Concept design 
done by client’s 
engineer 
- Detailed design 
and construction 
decision-making 
done by different 
organisations that 
had previously 
worked together 
- Concept design 
done by client’s 
engineer 
- Detailed design & 
construction 
decision-making 
done by different 
organisations that 
had previously 
worked together 
- Original design 
done by client’s 
architect and 
engineer 
- Detailed design 
and construction 
decision-making 
done by different 
organisations 
- Design and 
construction 
decision-making 
done by different 
organisations 
Client’s main 
objectives 
Distinguish building from 
other high-rise structures 
in the area by designing a 
unique aesthetic façade 
system  
Enhanced operational 
features driven by: 
- Production 
requirements 
- Operation safety and 
efficiency 
- Separating plant and 
people 
- Minimising damage 
to columns 
Addressing health 
regulations 
Enhanced 
operational features 
driven by: 
- Production 
requirements 
- Operation safety 
and efficiency 
- Separating plant 
and people 
- Minimising 
damage to columns 
Enhanced operational 
features driven by: 
- Production 
requirements 
- Operation safety and 
efficiency 
- Separating plant and 
people 
- Minimising damage 
to columns 
Maximise number of 
crypts 
 
No damage to 
heritage features 
adjacent to site 
Protect market share 
by minimising 
duration of design 
and construction 
 
Restore and retrofit 
facility 
 
Upgrade facility 
                                                 
1 In this study, non-routine work refers to the presence of unique project characteristics which restricted the construction method and required special construction 
considerations not normally present in similar projects. In case A, non-routine features included unique architectural design, use of construction material not used for a high-
rise façade before (i.e., GRC), WHS challenges requiring design revisions, application of special structural connection details, and a floor-by-floor construction method. In 
case E, site constraints required application of a step-wise excavation method, use of small excavation machinery, and a unique soil retention and internal propping system. 
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Key 
concerns/factors 
influencing design 
decisions 
- Limited space on-site 
- Site conditions (strong 
wind) 
- Structural stability 
- Constructability 
- Late design 
change 
- Health regulatory 
requirements 
- Site conditions 
(wind, seismic 
loads) 
- Emphasis on end-
use requirements 
- Late design 
change 
- Site conditions 
(wind, seismic 
loads) 
- Emphasis on end-
use requirements 
- Late design change 
- Site conditions 
(wind, seismic 
loads) 
- Emphasis on end-
use requirements 
- Site conditions 
(limited space, 
adjacent heritage 
features not to be 
damaged, site 
access) 
- Constructability 
- Tight schedule 
- Unavailability of 
accurate design 
information when 
starting 
construction 
- Changes to client’s 
requirements and 
design 
- Cost constraints 
specified by the 
insurance 
company and 
government 
WHS performance 
(average HOC 
score) 
3.94 2.37 4.25 3.37 3.95 2.92 
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The cases were selected from a range of construction sectors. Cases B, C, D, and F were 
taken from industrial sector projects. Case A was from the residential (high rise) sector, and 
case E was from the commercial/public sector.  
Regarding the procurement method, cases A, B, C and D represented a design and construct 
(D&C) setting. Case E was procured using the traditional approach. Case F was procured 
through an accelerated design and construction (accelerated D&C) method. 
While cases B, C, D and F all involved routine design and construction activities, case F also 
represented challenges for the decision-makers who needed to deal with project time and cost 
constraints while having limited information about the condition of the existing structure. 
Thus, the decision-makers in case F had to rely on assumptions about the adequacy of the 
structure when making a number of key design decisions. Commencement of construction 
activities when the design was still underway further exacerbated the uncertainty and the time 
pressure, resulting in a reactive decision-making approach. 
On the other hand, cases A and E involved non-routine designs and construction 
methodologies. Case A represented a unique architectural design resembling a Japanese 
lantern. In addition, the façade structure was installed on a high-rise building while the GRC 
material specified for the façade elements has not typically been used for this type of facade. 
These characteristics created non-routine challenges for the construction team and required 
innovative engineering solutions to enable the construction of the façade the way it was 
designed. As the construction manager commented: 
Most of the changes that came about with the wrap [façade] were forced changes due 
to engineering and it was really much a fait accompli, “if you want this thing on your 
building, then this is the compromise you’re going to have to have to achieve it”. 
When we tendered it, we put a PC sum1 on it and we qualified ourselves out of the 
whole thing working. So we were in a box seat really with the client and with the 
architect to say you know, “we’ll do our best to make your impossible spider web 
work but you’ve got to work with us”. 
Similarly, case E represented an innovative temporary-works design and construction 
methodology devised to overcome the on-site constraints restricting the application of routine 
                                                 
1 Prime cost sum: an allowance or provisional sum specified in the contract for the supply of work and material.  
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construction methods. This was mainly due to the heritage surroundings which limited access 
to the site. 
The number of participants in decision-making had a low variance across the cases. The 
numbers ranged from 8 to 13 (with a median of 10.5 and a standard deviation of 1.75). This 
reflects a fairly similar communication network size across the cases. Thus, the networks can 
be considered comparable.  
Moreover, there were both similarities and differences across the cases in terms of the 
diversity of participants. The interaction networks in all the cases involved the client, client’s 
consultants (typically an architect and/or engineer), a constructor, and an engineer/designer 
undertaking detailed design work and design revision tasks. In case A, the structural design 
team was within the constructor’s organisation, while in other cases detailed design work was 
undertaken by parties external to the constructors’ organisation. In cases B, C and D the 
designer engaged in developing the detailed design and the constructor had previously 
worked together. In addition, the interaction networks in cases A, B, C, D and E involved 
suppliers or subcontractors; however, no evidence was identified in case F indicating the 
involvement of suppliers or subcontractors. Regulators or external approvers, ensuring 
regulatory compliance, were involved in cases B, C, D, E, and F, but no evidence was found 
suggesting their involvement in case A. Other external stakeholders were involved in case E 
(end-users) and case F (state government, representatives of insurance company, and a 
community group). In case F, the involvement of external stakeholders contributed to time 
and cost constraints by controlling project finance and requiring the facility to resume its 
production activities in minimum duration. 
Regarding the design and construction activities, in all the cases except case F, a concept 
design had been developed by the client’s consultants prior to engaging the constructor. Case 
F involved restoring an existing damaged structure. As a result of accelerating the project to 
minimise design and construction duration, construction activities commenced without 
developing a formal detailed design.  
Based on the assessment of WHS performance (mean HOC scores) two groups of cases were 
identified. The first group comprised cases A, C, D and E. Each of these cases had a mean 
HOC score greater than 3, indicating an overall high WHS performance achieved through 
implementing mostly technological risk controls. The second group included cases B and F 
which had a mean HOC score less than 3, indicating a relatively low level of WHS 
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performance as a result of implementing mostly behavioural risk controls. Within the second 
group, case F was relatively better than case B for WHS performance, and had a marginal 
HOC score close to 3. A HOC score of 3 was chosen as the value distinguishing high and low 
WHS performance because it signifies the transition from low-level behavioural controls 
(scored 1 for PPE and 2 for administrative controls) to high-level technological controls 
(scored 3 for engineering controls, 4 for substitution, and 5 for elimination). This distinction 
is well recognised in research (see Lingard et al., 20141; 2015) and in practice; that is, 
engineering controls have previously been specified as a threshold of acceptability in WHS 
risk management, and technological controls have been referred to as “above the line” safety 
controls. 
 
 Features of interaction patterns that influence WHS decision outcomes 
In Chapter 4, different aspects of design decision-making and the underpinning interactions 
between participants were analysed on a case-by-case basis. A comparison of results reveals a 
number of specific features which characterise the decision-making process and information 
exchanges in each case. In this section, these features are compared between the cases and 
similarities and differences are explained for high versus relatively low HOC-scored cases. 
The emergent patterns are then discussed with consideration of WHS performance and the 
case attributes listed in section 5.2. 
Table 5.2 brings together specific aspects and features of interaction patterns underpinning 
design decision-making in the cases. The table includes only the features for which a clear 
pattern was identified across the cases. These features are further discussed in this section. A 
more comprehensive table of all investigated features is provided in Appendix B. In Table 
5.2, the shaded columns indicate the two cases for which the average WHS score was 
relatively low: that is, below the threshold of engineering controls (which is 3). 
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Table 5.2: Comparison of specific features identified from the investigation of decision-making process and its underpinning interactions  
      (the shaded columns refer to cases with relatively low WHS scores) 
Aspects Features Case A Case B Case C Case D Case E Case F 
Overall interaction 
pattern 
Connectivity - Binary density: 44% - Binary density: 24% - Binary density: 42.8% - Binary density: 40.3% - Binary density: 35.5% - Binary density: 34.5% 
Distribution of strong and weak 
ties 
- The network includes both 
weak and very strong ties 
- The weak ties are relatively 
prevalent 
- The network only includes 
weak ties and a few medium-
strength ties (no tie strength 
greater than 1.5) 
- The network includes weak, 
medium and a number of 
very strong ties 
- Network includes weak, 
medium and a few 
strong ties 
- Network includes a range of 
weak, medium and strong 
ties 
- Network includes weak 
ties and medium-strength 
ties. Only a few relatively 
strong ties, no tie stronger 
than 2.25  
Interaction between participants 
from design and construction 
disciplines 
- High frequency of 
information exchange 
between design manager and 
construction manager (2.8) 
- Direct interaction between 
design engineer, architect 
and discipline managers 
- Direct interaction between 
design participants and 
subcontractors 
- Relatively low frequency of 
interaction between 
constructor and constructor’s 
engineer (1.4) 
- High frequency of 
information exchange 
between constructor and 
constructor’s engineer (2.9) 
- High frequency of 
information exchange 
between constructor and 
constructor’s engineer 
(2.7) 
- Direct interaction 
between constructor’s 
engineer and concreters 
- High frequency of 
information exchange 
between constructor and 
technical consultants: 
▪ Constructor & propping 
engineer (2.3 after tender) 
▪ Constructor & capping 
engineer (1.8 after tender) 
▪ Constructor & piling engineer 
(1.7 after tender) 
- Highly collaborative 
interactions between 
constructor and technical 
consultants 
- Relatively low frequency 
of interaction between 
constructor and engineer 
(1.6) 
- Very low frequency of 
interactions between 
constructor and other 
design participants 
(architect, design 
engineer) 
Involvement of suppliers/ 
subcontractors in interactions 
- High with multiple ties with 
discipline managers and 
design engineers 
- Very low frequency, mostly 
receiving information from 
constructor 
- Relatively high, frequency 
of interaction with the 
constructor (1.4), two-way 
- Relatively high 
frequency of interaction 
between constructor, 
steel erectors and 
concreters, two-way 
- Two-way interaction 
between steel erectors 
and concreters 
- Interaction between 
concreters and engineer 
- High frequency of 
interaction between 
constructor and propping 
engineer (supplier of 
Megaprops) 
- Collaborative and frequent 
interactions between 
designers and suppliers of 
different components of soil 
retaining system 
- No evidence identified of 
subcontractors’/suppliers’ 
involvement 
Decision-
involvement 
Participants with an average 
high (greater than 2.5) decision-
making power (arranged in 
decreasing order) 
- Design manager 
- Construction manager 
- Project manager 
- Client 
- Constructor 
- Client’s engineer 
- Constructor’s engineer 
- Constructor 
- Project manager 
- Constructor’s engineer 
- Constructor 
- Constructor - Engineer (engaged by 
client) – that is, demand-
side, not supply-side 
- Client 
Involvement of suppliers/ 
subcontractors 
- Medium involvement, high 
influence in a number of 
decisions 
- Low involvement, low 
power, mostly executing 
instructions 
- High, steel erectors 
involved in half the 
decisions 
- Relatively high, 
involved in 40% of the 
decisions 
- High involvement of 
supplier, both based on 
number of decisions and 
power 
- No evidence identified of 
their involvement 
Local features and 
configurations in 
multilevel network 
Collaborative information 
exchange 
- Evidence of collaboration 
(positive & significant 
reciprocity & transitive 
closure effects) 
- No evidence of participants’ 
tendency for collaborative 
information exchanges 
- No tendency for direct 
exchange of important 
information (non-significant 
path closure effects for 
important interactions) 
- Tendency for network 
brokerage for all 
communication (significant 
multiple connectivity effect) 
- No evidence for 
significant path closure 
or reciprocity effects 
(non-significant effects) 
 
- High tendency for the 
participants jointly involved 
in decision-making to 
exchange information 
- No evidence of 
participants’ tendency for 
collaborative information 
exchanges 
- High tendency for the 
participants to exchange 
information when jointly 
involved in decision-
making  
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Aspects Features Case A Case B Case C Case D Case E Case F 
Direct involvement of 
participants in related decisions 
- Evidence for direct inclusion 
of participants’ knowledge 
and expertise in relevant 
decisions (positive and 
significant affiliation-based 
closure effect) 
- No tendency for direct 
inclusion of participants’ 
knowledge and expertise in 
relevant decisions (non-
significant affiliation-based 
closure effects) 
- Evidence for direct 
inclusion of participants’ 
knowledge and expertise in 
relevant decisions (positive 
and significant affiliation-
based closure effect) 
- Evidence for direct 
inclusion of participants’ 
knowledge and expertise 
in relevant decisions 
(positive and significant 
affiliation-based closure 
effect) 
- A number of key 
participants tended to be 
common decision-
makers for dependent 
decisions 
- Evidence for direct inclusion 
of participants’ knowledge 
and expertise in relevant 
decisions (positive and 
significant affiliation-based 
closure effect) 
- No tendency for direct 
inclusion of participants’ 
knowledge and expertise 
in relevant decisions (non-
significant affiliation-
based closure effects) 
Alignment between decision 
dependencies and information 
exchanges 
- Evidence of alignment 
between decision 
interdependencies and 
exchange of important 
information (positive and 
significant cross-level 
alignment reciprocity effect) 
- No evidence of a tendency 
for alignment between 
technical dependencies of 
decisions and participants’ 
information exchange 
patterns (non-significant 
cross-level alignment 
effects) 
- Significantly low tendency 
for alignment between 
decision dependencies and 
interactions between 
participants in separate 
decisions (negative and 
significant estimate for 
cross-level alignment 
entrainment) 
- Significantly low 
tendency for alignment 
between decision 
dependencies and 
interactions between 
participants in separate 
decisions (negative and 
significant estimate for 
cross-level alignment 
entrainment) 
- Evidence of alignment 
between decision mutual 
interdependencies and 
exchange of important 
information (positive and 
significant cross-level 
alignment reciprocity effect) 
- No evidence for a 
tendency for alignment 
between the decision’s 
technical dependencies 
and the participants’ 
information exchange 
patterns (non-significant 
cross-level alignment 
effects) 
Network brokerage - No tendency for network 
brokerage and formation of 
structural holes (non-
significant multiple 
connectivity effect) 
- High tendency for network 
brokerage (significant 
multiple connectivity effect) 
- High tendency for network 
brokerage for important 
communication (significant 
multiple connectivity effect) 
- High tendency for 
network brokerage for 
important 
communication 
(significant multiple 
connectivity effect) 
- High tendency for network 
brokerage and formation of 
structural holes (positive and 
significant multiple 
connectivity effect) 
- No tendency for network 
brokerage and formation 
of structural holes (non-
significant multiple 
connectivity effect) 
Existence of central participants - No evidence found - Existence of highly central 
participants in interactions 
- Existence of participants 
who were highly involved 
in decisions 
- Existence of highly 
central participants 
when exchanging 
important information 
- No evidence found - No evidence found 
Circumstantial and 
contextual factors 
Involvement of participants/ 
collaboration 
- Involvement of participants 
from design and construction 
disciplines from early 
decisions onwards 
- Majority of decisions 
involved participants from 
different supply chain tiers  
- Involvement of senior 
participants with extensive 
construction experience in 
design revision process 
- Design reviews for 
constructability involved the 
constructor, designers and 
client 
- Design coordination 
meetings conducted 
regularly 
- No evidence of collaboration 
- Key decisions were 
predominantly made by 
demand-side stakeholders 
- Construction-side 
participants mainly received 
instructions 
- Key design decisions were 
made predominantly by the 
constructor and 
constructor’s engineer 
- Involvement in the 
interactions of participants 
from different supply chain 
tiers  
- The client’s team 
remained involved in the 
design process 
- Early involvement of the 
constructor in the project 
- Early engagement of the 
subcontractors 
- The constructor and 
technical consultants 
engaged by the constructor 
were highly involved in the 
design revision process. 
- Highly collaborative 
interactions and decision-
making during design 
revision 
- The constructor played a key 
role in coordinating design 
revision work. Supply-side 
and demand-side 
participants were highly 
involved in the revision 
process 
- The consultants and 
constructor had previously 
worked with the client 
- Decisions were 
predominantly made by 
the demand-side 
stakeholders 
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Aspects Features Case A Case B Case C Case D Case E Case F 
Constructability considerations - Consideration of 
construction methodology as 
part of design decision-
making from early stage 
onwards 
- Design reviews for 
constructability 
- Low priority and flexibility 
for constructability 
- Constructor’s 
constructability 
considerations (e.g., off-site 
manufacturing of concrete 
panels) were not effective 
due to late and repeated 
changes by the clients 
- Constructability and WHS 
considerations were factors 
included in design decision-
making process 
- Constructability and 
WHS considerations 
were factors included in 
design decision-making 
process 
- Constructability and WHS 
considerations were an 
integral part of the design 
revision 
- Dealing with WHS issues 
was left mainly to the 
construction participants at 
construction stage 
- The WHS-improvement 
efforts were mainly 
focused on increasing the 
on-site flexibility to 
address potential issues 
rather than proactively 
identifying and addressing 
issues at design stage 
Decision-making context - The architect and constructor 
worked closely during the 
design process 
- Design revisions were made 
to improve constructability 
- Little flexibility to improve 
constructability and WHS 
- Late and ongoing changes by 
the client 
- The constructor was given 
authority to make decisions 
about details of building 
design, as well as the 
construction process 
- Constructor’s expertise and 
past experience 
- Late and ongoing changes 
by the client 
- The constructor’s team 
was given the authority 
to make detailed 
decisions about the 
building design, as well 
as the construction 
process 
- Integration of design and 
construction decision-
making 
- Late and ongoing 
changes by the client 
- Positive attitude of the 
client’s team and the client’s 
risk awareness created a 
favourable environment for 
the constructor’s team to be 
involved proactively in 
decision-making 
- State government funding 
constrained the decision-
making by limiting project 
duration and by 
influencing design options 
- Client specified an 
ambitious date for the 
reopening the facility 
- Limited information about 
condition of the existing 
structure at early project 
stage, reliance on 
assumption 
- High level of uncertainty 
as a result of fast-tracked 
decision-making 
- Design fell behind the 
actual construction process 
Design focus - Aesthetics 
- Constructability and WHS 
- Maintenance 
- Strong focus on operations 
and end-use features of the 
facility and regulatory 
requirements 
- End-use requirements and 
compliance with health 
regulations were the main 
factors considered in the 
concept design 
- End-use requirements 
and compliance with 
health regulations were 
the main factors 
considered in the 
concept design 
- End-use requirements 
- Constructability 
- Preserving the surrounding 
heritage assets 
- Maximising benefits from 
the funding provided by 
the state government 
- Minimising time and cost 
- Minimising amount of 
construction work 
- Resuming production as 
soon as possible 
- End-use and operational 
requirements, especially 
increasing production 
capacity 
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Connectivity 
Connectivity of the interaction networks was measured by the binary density (see research 
methodology and design in Chapter 3 for a detailed explanation of this concept). This 
measure indicates proportionately how many ties were present compared to those possible in 
the network; thus, it reflects the relative presence of direct information exchanges between 
participants. Connectivity signifies the speed of information diffusion in a network and the 
extent to which network participants directly exchange information with each other (Pryke et 
al., 2015). It is also an indicator of the extent of network “cohesion”. A high level of cohesion 
in a communication network reflects the existence of alternative communication paths 
through which information can be transmitted between participants. In groups, increasing the 
number of direct ties between members has been linked to improved performance (Evans & 
Dion, 2012). Similarly, in project teams, Brookes et al. (2006) suggest increasing the level of 
connectivity can lead to social capital gains, which enable improved knowledge management 
and project performance. Too much connectivity and information exchange, however, can 
negatively impact team performance (Wise, 2014; Brookes et al., 2006). 
A medium level of connectivity was identified across the cases in this study. At the same 
time, it was observed that WHS performance, indicated by the HOC scores, generally 
increased as the level of connectivity increased across the cases. Thus, cases with high WHS 
performance reflected higher levels of interaction network connectivity than cases with low 
WHS performance. Cases A, C and D had the highest binary density with more than 40% of 
the potential ties actually present in their networks. These cases also involved a D&C 
procurement approach and had high WHS performance scores (greater than 3). The lowest 
level of connectivity was observed in case B with 24% of the potential ties actually present in 
the interaction network. Case B was also procured using a D&C approach, but had the lowest 
WHS performance score compared to other cases. Following the same pattern, case F had a 
relatively more connected interaction network than case B, with a binary density of 34.5%, 
and was scored slightly higher than case B for WHS performance. Case F also involved a 
D&C procurement approach. Case E, however, was somehow different from other cases. 
With a connectivity level slightly higher than case F (binary density of 35.5%), case E 
reflected a high level of WHS performance, close to 4 on the 5-point HOC scale. 
The moderate level of connectivity in case E, in comparison to cases A, C and D, could be 
explained with consideration of the traditional procurement approach and the contractual 
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setting. Compared to a D&C approach, which enabled the engagement of the construction 
decision-makers in the early design stage in other cases, in case E the traditional procurement 
approach led to the late involvement of the constructor and technical consultants (propping 
engineer, capping engineer and piling engineer) after the tender stage. Consequently, these 
participants had less time to engage in direct communication with other participants. In 
addition, the technical participants were engaged by the constructor and only interacted with 
the constructor and with each other. These arrangements in case E could have led to an 
overall lower level of connectivity in the interaction network in comparison to other cases 
with similarly high WHS performance, which were procured using a D&C approach. This 
finding is interesting as it suggests the procurement approach may not be a necessarily key 
determinant of WHS outcomes. 
Key finding: 
Increased tendency of participants to directly exchange information over the design process 
was linked to improved WHS outcomes. Direct interaction between participants can 
facilitate the distribution of information between them, enhance their access to up-to-date 
information, and potentially enable them to make more informed design decisions. 
These benefits are most likely to be achieved with a medium level of direct information 
exchange between participants (as observed in this study), since too much information 
exchange can have a negative effect on team performance. 
 
 
Distribution of strong and weak ties 
Previous research has indicated the important role of both weak ties (see Granovetter, 1973) 
and strong ties (see Krackhardt, 1992, and Brookes et al., 2006) in social networks. In this 
study, strong ties reflect prevalent and established paths of interaction through which the 
majority of information was routed. These paths form a “backbone” for the interaction 
networks. They play a key role for timely delivery of information to different network 
components. They facilitate coordination of knowledge and expertise to support local 
decision-making efforts. Strong ties have also been argued to be instrumental for the transfer 
of complex knowledge which normally requires more explanation and interaction effort 
(Hansen, 1999). Frequent interactions constituting strong ties normally lead to the 
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homogeneity of knowledge held by participants between whom the strong tie is formed 
(Krackhardt, 1992). Each of these participants then distributes the information locally. Hence, 
consistent information is diffused within the network. 
Weak ties, on the other hand, were related to less frequent specialist information 
transmissions which took place directly between participants to address specific decision 
requirements. These ties were present in all the cases and normally had two functions. They 
provided links to external participants, such as regulatory authorities, assessors and end-users, 
ensuring the requirements of these parties were considered and addressed. More importantly, 
weak ties formed “structural bridges”, bypassing intermediary participants and routine paths 
of information exchange; thus, they increased the speed of information transmission. 
Examples include:  
• interactions between the steel contractor and concrete contractor, and between the 
wind engineer and steel contractor in case A;  
• communication between the constructor and mechanical subcontractor (engaged by 
the client) in case E; and  
• interaction between concreters and steel erectors in case D. 
In addition, weak ties are more likely to transfer new (specialist) information and diverse 
perspectives (Granovetter, 1973; Perry-Smith & Shalley, 2003) which is crucial for specific 
decision-making scenarios where specialist expertise is required. Examples are:  
• the steel supplier’s input into the design of façade connections in case A;  
• the subcontractors’ input when deciding the type of piles in case E; and  
• the steel erector’s input when making decisions about temporary propping and 
sequence of erection of the steel structure in case D. 
Figure 5.1 indicates the distribution of tie values in the overall interaction networks across the 
cases. For all the cases, except case E, histograms were developed with consideration of the 
average frequencies of interaction between participants over the design process, as shown in 
the overall communication networks in Chapter 4. All these cases involved a D&C 
procurement approach; therefore, the construction participants could potentially engage in the 
decision-making from the early stage of the detailed design. Case E, however, was procured 
using the traditional (design-bid-build) procurement approach. To adjust for the traditional 
procurement approach in case E, which resulted in late engagement of construction 
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participants in the interactions, the interaction frequencies of the constructor’s team in case E 
were averaged over the decisions made after their engagement in the project (that is, after the 
tender stage). The reason for this is that the constructor and their team were only engaged in 
the decision-making after the detailed design was complete and did not have the opportunity 
to engage in interactions related to the original design decision-making. Averaging the 
interactions of construction participants over all the identified design decisions in case E 
would result in a lower average frequency of interactions for these participants (caused by the 
traditional procurement approach) in comparison to the construction participants in cases 
procured using a D&C approach. Consequently, by adjusting for the effect of the traditional 
procurement approach on the average frequency of interactions in case E, the distributions of 
tie values in this case was more realistically compared with the other cases in which a D&C 
procurement approach was used. 
   
Case A Case C Case B 
   
Case D Case E Case F 
Figure 5.1: Distribution of ties in the overall interaction networks for the cases  
(The horizontal axis indicates tie strength: i.e., the average interaction frequency over the design process. The 
dashed lines separate the ranges of tie strength for weak, medium and strong ties in this study.) 
The distribution of strong and weak ties in Figure 5.1 revealed two patterns across the cases. 
First, weak ties were more prevalent than strong ties in all the cases. This was expected as 
weak ties are generally easier to form and involve less information exchange effort and time 
to develop than strong ties. 
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Second, the overall interaction networks in cases A, C, D and E also included a few very 
strong ties (with tie strength values greater than 2.25), in addition to more common weak ties. 
In contrast, the overall interaction networks in cases B and F did not include any ties stronger 
than 2.25. These two cases were also scored lower, in terms of WHS performance, than the 
cases in which strong ties were present. 
In addition to these patterns, in cases with high WHS performance, strong ties were normally 
observed between influential participants from both the design and construction disciplines. 
For example, in case A, strong ties were present between the senior discipline managers 
(design manager, construction managers and project managers) forming a triangle of strong 
ties at the core of the interaction network (see Figure 4.2 in Chapter 4). The interviews in this 
case also indicated design coordination meetings were conducted regularly, with the 
involvement of all discipline managers. Weak ties further linked each of these influential 
participants to the other participants from each discipline, as well as to other external project 
participants. In cases C and D, strong ties were observed to exist between the structural 
engineer and constructor, and in case E, strong ties were observed between the technical 
consultants and constructor. 
A point to note is that case F involved a high level of time pressure, pushing the participants 
to make quick decisions and progress the construction activities before fully developing the 
design. Thus, the interaction activities, and the existence of mid-strength ties, was mainly 
reactive as participants were forced to communicate to compensate for the unavailability of 
accurate information as a response to the project time constraints, rather than being proactive 
and motivated by collaboration. Furthermore, the accelerated procurement approach in this 
case, and the commencement of construction activities without a formal design, forced the 
design and construction participants to interact to coordinate their activities, clarify the 
assumptions they were relying on, and react to a multitude of emergent issues. Consequently, 
the frequent interactions mostly involved participants with a peripheral role in the design 
process and with no or limited design and construction expertise, such as the client and 
project manager, rather than the core and knowledgeable design and construction decision-
makers, such as the architect, engineer and constructor. This further highlights the reactive 
nature of the interactions (rather than collaborative interactions) in this case. 
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Overall, the evidence indicates that, while weak ties were necessary to bring in specific 
expertise and enhance information transmissions to address situational information 
requirements, strong ties essentially:  
• improved circulation of information within the network;  
• delivered knowledge to local key participants;  
• homogenised participants’ information; and  
• coordinated the decision-making tasks and information requirements within the 
network. 
Consequently, a combination of weak and strong interaction ties could best support an 
effective decision-making process leading to higher WHS performance. The findings suggest 
design teams need to access and exploit new and diverse knowledge resources, and also 
navigate information, transfer complex knowledge, and coordinate decision-making efforts 
within their project networks. 
Key finding: 
Frequent interaction (reflected by strong network ties) between key participants was 
associated with improved WHS outcomes. It can assist with coordinating decision-making 
activities by providing better access to information. 
Occasional interaction (indicated by weak network ties) with participants who possess 
specialised knowledge and expertise can assist with addressing the knowledge 
requirements of specific decision-making situations. These interactions can facilitate 
inclusion of new information and ideas, specialist expertise and diverse views of external 
stakeholders in decision-making, and can facilitate positive decision outcomes.  
 
 
Interaction between participants from design and construction disciplines 
The average frequency of information exchanges between participants from design and 
construction disciplines during the course of the design process differed between cases with 
high and low WHS outcomes. Participants from design and construction disciplines generally 
interacted more frequently in cases A, C, D and E, in comparison to cases B and F. This was 
shown by stronger ties between these participants in the overall interaction networks in cases 
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A, C, D and E. Case C involved the highest average frequency of interaction (2.9) between 
the constructor and constructor’s engineer who was engaged by the constructor to develop the 
detailed design. Case C also had the highest HOC score for WHS performance. Frequent 
interactions between design and construction participants in this case underpinned all the key 
design decisions (see Table 4.8), most of which positively influenced constructability and 
WHS performance. 
Case A involved the second highest average frequency of interaction (2.8) which occurred 
between the design manager and construction manager. These participants were within a 
single organisation (the construction contracting firm) managing design and construction 
disciplines. There were also direct information exchanges between the construction manager 
and architect, who was external to the constructor’s organisation. Moreover, design 
participants directly interacted with subcontractors. Examples of decisions supported by 
frequent and direct interactions between design and construction participants include:  
• revising the material for horizontal members of the façade frame (D04b);  
• design of frame connections and their locations (D12b and D13); and  
• offset of the frame from the building (D14).  
These decisions positively impacted constructability and WHS. 
Case D involved an interaction pattern similar to case C. Both cases were selected from a 
single construction project. The average frequency of information exchange between the 
constructor and constructor’s engineer (who developed the detailed design) in case D was 
2.7. These participants exchanged information about all key design decisions (see Table 
4.11). 
Case E was procured using a traditional approach and the design was developed by the 
client’s consultants before the tender stage. Nevertheless, after the constructor’s appointment, 
substantial revisions were made to the design and construction methodology by the 
constructor and technical consultants who were engaged by the constructor. During the 
design revision, which significantly improved constructability and WHS, the technical 
consultants directly and frequently exchanged information with the constructor. These 
interactions underpinned the majority of key decisions made after the tender stage. The 
highest average frequency of interaction during the design revisions was 2.3 between the 
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constructor and propping engineer. In addition, a highly collaborative interaction pattern was 
formed between the constructor and the team of technical consultants. 
The average frequencies of interaction between design and construction participants in cases 
B and F, however, were lower. Although case B belonged to the same project as cases C and 
D, it involved a relatively low average frequency of information exchanges (which was 1.4) 
between the constructor and constructor’s engineer (in charge of detailed design). Case B also 
had the lowest HOC score for WHS performance. Similarly, the average frequency of 
interaction between the constructor and constructor-appointed engineer was 1.6 in case F, and 
this case had the second lowest HOC score. In addition, very low frequencies of interaction 
between the constructor and other design participants were observed in case F: that is, 0.08 
for the interaction between the constructor and architect, and 0.33 for interaction between the 
constructor and design engineer (employed by the project management organisation). 
Overall, the results suggest a positive association between WHS performance and the 
frequency of interactions between design and construction participants. The importance of 
effective interaction between design and construction decision-makers has been highlighted 
in previous research (Franz et al., 2013; Baiden and Price, 2011). Two-way communication 
between designers and constructors, and collaborative brainstorming, have been recognised 
as the key mechanisms that substantially assist with integrating construction knowledge into 
design decision-making (Hare et al., 2006) and improve WHS (Lingard et al., 2014a). George 
et al. (2008) indicated that establishing effective communication with representatives from 
contractors and suppliers in decision-making during front-end planning was critical in 
achieving successful project outcomes. Communication between the construction 
management team and the design team has also been highlighted as important for project 
effectiveness and ensuring adherence to project objectives (Shohet & Frydman, 2003). 
Key finding: 
Frequent interaction between design and construction participants was associated with 
improved WHS outcomes from design decision-making. It can potentially improve 
coordination between design and construction decision-making, and assist with integrating 
construction knowledge into design decision-making. 
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Involvement of suppliers/subcontractors in interactions 
The cases with high and low HOC scores for WHS performance differed with regard to the 
involvement of suppliers and subcontractors in interactions and decision-making. Cases with 
higher WHS performance scores (A, C, D and E) were generally characterised by higher 
levels of participation by suppliers and subcontractors. The overall interaction network in 
case A comprised multiple ties between the steel supplier and discipline managers (design 
manager, construction manager and project manager). There were also direct interaction ties 
between the concrete contractor, construction manager and project manager. The steel 
contractor directly interacted with all the discipline managers, design engineer and wind 
engineer. At the same time, there was direct interaction between the concrete contractor and 
steel contractor. Moreover, the suppliers and subcontractors in case A had decision-making 
power to influence ten design decisions (comprising 40% of the total number of decisions 
analysed). 
During the design process in case C, there was direct, two-way interaction between the steel 
erectors and the constructor, and the frequency of information exchanges was relatively high 
(1.4). In addition, the steel erectors were influential (i.e., had decision-making power) in half 
the design decisions. Similarly, the decision-making process in case D involved two-way 
interactions with relatively high frequencies of exchange between the constructor and steel 
erectors (average frequency of 1.2), and between the constructor and concreters (average 
frequency of 0.9). In addition, there was a two-way interaction between the steel erectors and 
concreters, and the concreters and engineer directly exchanged information. The steel 
supplier and concreters were particularly influential when revising the layout of the footings 
and columns. The subcontractors together had power to influence 40% of the decisions in 
case D.  
In case E, the propping engineer was the supplier of the Megaprops. During the design 
revision, there was a high frequency (average 2.3) of interaction between the constructor and 
propping engineer. The propping engineer had power to influence half the design decisions. 
At the same time, a collaborative pattern of interactions, with direct and frequent ties, 
between the constructor and designers, and the suppliers of different components of the soil 
retaining system, was formed during the design revision (see left sub-graph in Figure 4.14). 
Cases B and F, on the other hand, involved low participation by suppliers and subcontractors. 
The design process in case B involved a very low average frequency of interaction (0.6) 
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between the constructor and roofer. Moreover, the roofer was only receiving information 
from the constructor. Similarly, there was a low average frequency of information exchange 
(0.6) between the constructor and concreter. In case F, there was no evidence of involvement 
of suppliers and subcontractors in interactions resulting in design decision-making. Both 
cases B and F also scored relatively low in WHS performance. 
The results across the cases reflect a positive effect for involving suppliers and subcontractors 
in design decision-making and associated interactions. Subcontractors possess a high level of 
construction task expertise and are responsible for executing construction tasks (Tool, 2002). 
Consequently, their input into design decision-making can inform identification of practical 
and safer design solutions which, in turn, improve the quality of WHS risk controls selected. 
Particularly, as construction products have become more complex, there is more reliance on 
specialist contractors for the detailed design of specific building elements (Haviland, 1996). 
Previous research has suggested the involvement of suppliers’ and subcontractors’ expertise 
increases the effectiveness of design decision-making. Franz et al., (2013) have presented 
case study data indicating that, in comparable projects, better WHS outcomes were achieved 
when specialist contractors were involved in early decision-making. The ability of suppliers 
and subcontractors to promote innovation and independent decision-making in designing and 
manufacturing specialised building components has also been highlighted (Gray & Flanagan, 
1989; Slaughter, 1993). Similarly, Wright et al. (2003) observe that safety in design solutions 
is often driven by building systems manufacturers rather than principal design consultants. 
Key finding: 
Involving participants with construction process knowledge and expertise (especially 
suppliers of building components and subcontractors) in design decision-making was 
linked to improved WHS outcomes. Their involvement can enhance access to construction 
process knowledge within design interaction networks, and assist in considering the 
implications of design decisions on construction activities and workers’ health and safety. 
 
 
Decision-making power 
The comparison of participants’ average decision-making power during the course of the 
design process revealed a difference between the cases with high and low WHS performance. 
The design and construction participants, who were either from the constructor’s organisation 
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or were engaged by the constructor in the project, had the highest average decision-making 
power in cases with high WHS performance (A, C, D and E). In case A, the design manager 
and construction manager from the constructor’s organisation had an average decision-
making power greater than 2.5. The average decision-making power for the rest of the 
participants was less than 2.5 in this case.  
In cases C and D, only the constructor and constructor’s engineer had an average decision-
making power greater than 3. For the rest of the participants, average decision-making power 
was less than 2.5. In case E, the constructor had the highest average decision-making power 
over the design revision process (greater than 2.5). The average decision-making power for 
the client’s engineer and architect were close to, but less than, 2.5 in this case. It is 
noteworthy that case E involved a traditional procurement approach. Thus, the architect and 
engineer were involved in the design process earlier than the construction participants and 
were in charge of design development. The procurement setting might have contributed to the 
relatively high decision power for the architect and client’s engineer. Nevertheless, the 
constructor’s decision power was still the highest in this case. In addition, the case evidence 
suggested that in spite of the traditional procurement approach, the client took a positive 
attitude towards design revision and empowered the constructor and their team by giving 
them the authority to revise the design decisions to improve constructability and WHS. 
Consequently, the constructor was able to exert high influence on the design decision-
making. 
On the other hand, client-side participants possessed the greatest decision-making power, on 
average, in cases B and F. In case B, the client had the highest average decision power over 
the design process in comparison to other participants. In case F, the engineer (engaged by 
the client) and client had the highest average decision power over the design process. 
It is noteworthy that, in cases with positive WHS outcomes, participants with the highest 
decision-making power were either directly employed or engaged by the constructor. This 
evidence suggests that constructor-side participants can apply a positive influence on design 
decision-making and improve WHS performance. Consequently, it can be proposed that 
giving construction-side participants the opportunity, and relatively high power, to influence 
design decisions can positively impact constructability and WHS. Due to their construction 
expertise and experience, these participants have a practical view of the interdependencies 
between design of product and construction process which is not readily observable by the 
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client. Recognition of these abilities, and creating a favourable environment for these 
participants to use their expertise, can positively impact project outcomes, particularly those 
related to constructability and WHS. Previous research supports this proposition. In their 
study, Shohet and Frydman (2003) observed that effective construction managers were able 
to propose design solutions which both overcame difficulties in relation to low quality design 
documents and left flexibility for future amendments. 
Key finding: 
An overall high influence (i.e., decision-making power) of participants with construction 
process knowledge and expertise during design decision-making was associated with 
positive WHS outcomes. Encouraging them to actively contribute their knowledge to 
design decision-making can improve opportunities for the integrating construction 
knowledge into design decision-making and can potentially lead to improved WHS 
outcomes. 
 
 
Local features and configurations in the multilevel network 
The cases with high and low WHS performance scores also differed in the prevalence of local 
effects and configurations that characterised their multilevel interaction and decision-making 
patterns. A significant pattern across the cases was that in cases with high HOC scores (A, C, 
D and E) participants had a high tendency for direct involvement in making sets of 
interdependent decisions. This was evidenced by the positive and significant affiliation-based 
closure effect in the multilevel networks of these cases. This effect was not significant in the 
cases with a low WHS performance (B and F). In addition, the parameter estimate for cross-
level alignment entrainment was negative and significant in cases with high WHS 
performance scores, indicating a low tendency for individuals involved in different, but 
dependent, decisions to directly interact. 
The significant effects in cases with high WHS performance scores suggest that the 
associated information tended to be transferred between dependent decisions through direct 
involvement of common individuals who had power to influence the outcome of these 
decisions. Thus, the individuals were a significant means of transferring relevant knowledge 
and expertise between dependent decisions. That is, if individuals were influential in a 
decision-making scenario, they were highly likely to bring in and communicate their 
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knowledge and expertise in the other technically-related decisions, and also to influence the 
outcomes of these related decisions. This direct involvement in decision-making was above 
and beyond mere information exchanges that existed between participants. These results 
highlight the significance of knowledge-source mobility between interdependent decisions 
for supporting effective decision-making, in comparison to transferring information through 
communication means and links. Put differently, individuals with specialties and expertise 
relevant to a decision-making scenario are considered as sources of knowledge. Involving 
these individuals in other dependent decisions, which was a significant process in the cases 
with high WHS performance, facilitated transfer of relevant knowledge and information from 
the original decision to the other dependent decisions (i.e., mobility of knowledge sources 
between dependent decisions) and supported the decision-making. 
The above evidence suggests involving sources of construction knowledge and expertise in 
design decision-making directly is more effective than obtaining information from these 
sources indirectly through communication. The design process is uncertain and dynamic. 
Design decisions are made and subsequently go through repeated revisions as the decision 
context, available information and participants change. As iterations of the design develop, 
new issues may arise making design solutions identified in previous iterations unsuitable, and 
necessitating other revisions and more iterations. These iterations, in turn, may reveal new 
problems and improvement opportunities. The design cycles continue as the design solutions 
evolve, until a final design solution is selected (see Gray & Hughes, 2001). Suwa et al. (2000, 
p.539) refer to this dynamism as the “co-evolution of the problem-space and the solution-
space”. In such an evolving environment, where decisions are built on each other, 
communicating the “why” and “how” of certain design solutions being preferred during 
design decision-making becomes as important as (and arguably more important than) “what” 
solutions were selected. However, it is the “what” which is often captured and documented, 
while the “why” and “how”, which are tacit, remain in the minds of the decision-makers. 
Subsequently the “why” and “how” may not be recorded and be lost as the design context and 
the configuration of design participants change. Direct involvement of key participants in 
making interdependent decisions provides the opportunity for the transfer of the tacit “why” 
and “how” relating to the decisions that have been made, and contributes to making more 
informed decisions. 
Furthermore, the design process involves collective knowledge work and collaborative 
problem-solving (Ewenstein & Whyte, 2007). Design problem-solving normally requires the 
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discovery and exchange of tacit knowledge between multiple project participants, and across 
disciplinary boundaries (Dossick & Neff, 2011). However, tacit knowledge is not easily 
articulated and transferred to others as it is mainly embedded in individuals’ experiences and 
held in their minds (Nonaka & Takeuchi, 1995). 
Through directly involving participants with relevant knowledge and expertise in making 
interdependent decisions, opportunities for effective interaction and knowledge transfer are 
increased. Consequently, more informed decisions can be made by directly involving 
participants’ tacit knowledge (i.e., the “how”) and their understanding of the logic behind the 
design choices (i.e., the “why”). At the same time, providing access to individuals’ 
knowledge sources addresses immediate information and expertise requirements during 
decision-making, and increases opportunities for individuals’ “messy talk” and spontaneous 
dialogue about design optimisation, addressing emergent problems and disciplinary conflicts 
(Dossick & Neff, 2011). As Dossick and Neff explain, these informal and unplanned direct 
conversations enhance the exchange of tacit knowledge and greatly contribute to innovation 
by improving the effectiveness of interdisciplinary team decision-making. 
Key finding: 
Positive WHS outcomes were linked to direct involvement of common participants with 
relevant expertise in making interdependent decisions. This direct involvement can 
enhance the application of their tacit knowledge, as well as their understanding of the logic 
behind previous design choices, and increase opportunities for these participants’ 
engagement in problem-solving discussions during the decision-making, potentially 
leading to improved outcomes.  
Two-way interaction between participants involved in making interdependent decisions 
can further enhance information transfer between these decisions, and assist participants to 
better align their information exchanges with the information interdependencies between 
decisions.   
 
 
Exploiting new knowledge for developing non-routine design solutions 
In addition to the comparison between the cases, it was informative to compare the decision-
making and its associated interactions between the two non-routine cases (cases A and E). 
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The results of the multilevel analysis indicated a positive and significant parameter estimate 
for the cross-level alignment reciprocity (C4AXBreciprocity) effect in these two cases. This 
effect was not significant in other cases. This result indicates that in both these non-routine 
cases, when there was a mutual interdependency between two decisions, participants 
involved had a high tendency to engage in reciprocal information exchange. This effect was 
above and beyond1 other networks effects, including the Affiliation-based closure arc 
(TXAXarc) effect. Thus, the evidence from non-routine cases suggests that, in addition to 
directly involving participants, two-way communication between participants was also a 
means of information transfer between interdependent decisions. Each participant was 
involved in only one interdependent decision. The coexistence of these two effects in cases A 
and E resulted in greater levels of alignment between decision interdependencies and 
information exchanges in these cases, in comparison to the other routine cases. Consequently, 
the design decisions were made more effectively with the presence of relevant knowledge 
and information, as well as involvement of diverse design and construction expertise. Hence, 
positive WHS outcomes were achieved from the decision-making process in these two cases. 
At the same time, the case evidence also indicates that during the decision-making in cases A 
and E, there was a high reliance on sources of new knowledge to create non-routine design 
solutions. Previous research has suggested the process of knowledge creation and discovering 
new solutions to problems involves the “novel recombination” of existing elements of 
knowledge and solutions, or the “reconfiguration” of the links between these elements 
(Schilling & Phelps, 2007; Fleming, 2001). The comparison of case analysis results revealed 
that in the cases with non-routine design and construction methodologies (i.e., cases A and 
E), there was a strategic recognition of the need to source the knowledge required to solve 
non-routine design problems. However, the way in which new elements of knowledge and 
solutions were absorbed and exploited during design problem-solving differed between these 
two cases. 
In case A, there was a high reliance on the sources of knowledge and experience from within 
the constructor’s organisation. Thus, an effective interaction pattern needed to be established 
between the existing knowledge sources to exploit and combine the knowledge elements. 
Senior participants with extensive construction experience were highly involved in the design 
                                                 
1 The other network effects were also included in the model and were controlled for; thus, the significant effect 
for cross-level alignment reciprocity was in addition to the effect of other network configurations. See Tables 
4.4 and 4.16 for more details. 
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revision process, and there were direct and frequent interactions between them. In addition, 
the majority of participants involved in decision-making and information exchanges were 
from within the constructor’s organisation. Design reviews for constructability involved 
participants from the construction and design disciplines within the single organisation. At 
the same time, collaborative information exchanges between participants facilitated the 
recombination and reconfiguration of the elements of knowledge, experience and solutions to 
address emergent design challenges. This was evidenced by the high network connectivity 
and the positive and significant reciprocity and transitive closure effects in case A. 
Network closure has been considered to be a sign of collaborative behaviour leading to 
enhanced cooperation (Lubell, Robins, & Wang, 2011). At the same time, the relatively high 
connectivity of the interaction network in case A reflected direct interactions between 
knowledge sources, and quick, high level information transmission which underpinned the 
dissemination of alternative interpretations of the design and solutions. This enhanced shared 
understanding and collective problem-solving between design and construction participants 
(Schilling & Phelps, 2007). Research evidence has suggested a cohesive network structure, 
with a dense connectivity between sources of knowledge and experience, enhances 
information mobility and improves performance (Obstfeld, 2005). 
Key finding: 
Prevalence of direct and collaborative interactions between sub-groups of participants was 
associated with improved WHS outcomes. Direct interaction between sub-groups of 
participants can lead to the formation of strongly connected clusters within interaction 
networks. This, in turn, can enhance collaborative decision-making within sub-groups of 
participants (e.g., disciplinary or functional teams) and enhance their problem-solving 
ability. 
 
 
In contrast, in case E, there was a high tendency for network “brokerage” and absorption of 
knowledge and expertise external to the constructor’s organisation. The positive and 
significant multiple connectivity effect reflected the existence of “structural holes”, creating 
sub-groups of participants in the overall interaction network. This pattern was a consequence 
of the constructor’s “boundary-spanning” behaviour, enabling engagement of new technical 
participants in the project and connecting them to the other participants. Consequently, the 
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diversity of the knowledge and expertise available within the network was increased. 
Boundary spanning and bridging “structural holes” generates “information benefits” (Burt, 
1992, p.13) by providing access to a broader array of information, ideas and opportunities 
(Granovetter, 1973), and by creating new links between actors with diverse expertise, 
information and experience (Reagans & Zuckerman, 2001). 
Moreover, frequent and direct interactions between new technical participants and the 
constructor formed a dense cluster of information ties within their team. Dense clustered 
network components can enable a high level of coordination and collaboration between 
groups of participants through providing “informal self-enforcing” governance mechanisms 
(Dyer & Singh, 1998). In case E, the high connectivity and density of interactions between 
new technical participants reinforced collaborative problem-solving and facilitated 
coordination of these participants’ efforts when designing different elements of the new 
structure and soil retention system. 
Consequently, the potential for innovation was greatly enhanced in case E by engaging new 
sources of knowledge and expertise (i.e., increasing diversity of knowledge) in decision-
making, and facilitating coordination and recombination of elements of new knowledge and 
solutions through clustering and direct and frequent information exchanges between these 
knowledge sources. Previous organisational research has revealed that the combination of 
local density and global structural holes can be beneficial for creativity in teams. It has been 
suggested that teams combining a high internal density of interactions with compositionally 
diverse team members, who possess different sets of contacts, information, expertise and 
experiences, increase their capacity for creative problem-solving (Reagans & Zuckerman, 
2001). In this case, this was evident in the design of a safer, more effective propping system. 
This design was an innovative solution to retain soil and allow for continuation of excavation 
and construction activities in a highly constrained and confined site. 
Key finding: 
Engaging new sources of knowledge and expertise (e.g., external consultants and suppliers) 
in design decision-making interactions was associated with positive WHS outcomes. 
Access to new knowledge can increase opportunities for combining elements of knowledge 
and information to develop new non-routine design solutions. This can be especially 
beneficial in situations in which decision-makers are dealing with unfamiliar design 
problems. 
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 Design-interaction model 
By further abstracting the cross-case analysis, an explanatory model was developed. The 
model, which is illustrated in Figure 5.2, is supported by the evidence from each of the six 
cases, providing confidence to its validity. It is based on significant features and 
characteristics identified during the case comparison. Features and characteristics captured in 
the model were common between the cases with positive constructability and WHS 
outcomes. Their contribution to the effectiveness of interactions and decision-making could 
be further explained by the evidence from the case analyses, and with reference to previous 
research. These features did not exist in cases with low WHS performance. 
The model includes significant features and characteristics of effective interaction in the 
context of safety in design decision-making. In addition, by including the meso-level effects, 
the model represents the mechanisms of influence between interactions at the micro-level, 
and the decision interdependencies, context and outcomes at the macro-level.  
As the evidence from the case studies presented in Chapter 4 indicates, the influences across 
the levels are reciprocal and continuous during the design process. Successful design 
decision-making requires supply of accurate information and involvement of participants 
with appropriate knowledge and expertise who engage effectively in interaction and problem-
solving discussions. Design decisions are shaped through social interactions, influences and 
negotiations between these participants. In this way, social interaction networks enable 
design decision-making by addressing its knowledge and information requirements. At the 
same time, social interactions between participants take place because of the design decision-
making needs, and design problem-solving is the motivation for information exchanges, 
discussions and negotiation between design participants. 
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Figure 5.2: Features of effective interaction that underpin WHS-related design decision-
making 
As a consequence of the reciprocal influence between the two levels, the decision network 
and interaction pattern evolve together. Making effective design decisions that address 
project requirements and, at the same time improve constructability and WHS outcomes, 
need to be underpinned by access to and use of appropriate knowledge and information. 
Knowledge and information requirements differ depending on the nature of the design 
decisions. Consequently, interaction networks that underlie these decisions need to 
continuously reconfigure to provide a suitable combination of knowledge elements and 
information to each decision-making situation. Consequently, old design solutions are revised 
and new design solutions emerge, and the design decision network also evolves. 
To enable effective decision-making, the structure of interaction networks needs to: 1) 
provide access to suitable sources of knowledge and information; and 2) facilitate the 
combination of knowledge elements through participants’ information exchanges and 
negotiations from which the decision outcomes emerge. Evidence across the cases in this 
study indicates certain features of interaction networks more effectively enabled these 
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networks to support design decision-making and address decision-specific knowledge and 
information requirements. 
Effective interaction networks need to provide access to appropriate sources of knowledge 
and information, so that elements of knowledge can be obtained and combined for effective 
problem-solving. In the context of safety in design, access to construction process knowledge 
is important. It enables design decision-makers to consider the WHS implications of their 
design decisions for construction workers, and helps the decision-makers to make effective 
design decisions that promote constructability and positive WHS outcomes. Previous 
research has highlighted the positive effect on construction WHS achieved by integrating 
construction process knowledge with design decision-making (see Lingard et al., 2014). 
Involving constructors, suppliers and subcontractors in the interactions, and enabling them to 
influence the design decisions, makes their construction specialist knowledge and expertise 
accessible within the network. In addition, high influence (decision-making power) exerted 
by participants with construction process knowledge during the design decision-making can 
increase the chances their knowledge and expertise will be practically used, leading to more 
effective decision-making. In other words, overall high influence of construction participants 
on design decisions (relative to other participants) can increase opportunities for their 
construction knowledge and expertise to be utilised during the decision-making, ensuring 
constructability and potentially reducing WHS risks for constructors.  
Furthermore, boundary spanning and brokering, by establishing links with new sources of 
knowledge and information, can be valuable for design problem-solving. Accessing new 
elements of knowledge and information increases knowledge content and diversity within the 
network and enhances opportunities for combining knowledge elements to come up with 
innovative solutions. This is particularly important when design teams deal with non-routine 
problems, and when appropriate sources of knowledge and expertise are not readily available 
within their teams. 
In addition to accessing appropriate sources of knowledge, structural features of interaction 
networks need to enable effective information transactions and negotiations about design 
solutions. Enhancing network connectivity increases direct interactions between participants, 
reduces reliance on intermediary participants to transmit information, and increases the speed 
of information transfer and diffusion within the network. Therefore, there will be less chance 
for information misrepresentation, transmission delays or formation of communication 
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bottlenecks. In addition, coordinating decision-making activities can be improved as new and 
updated information will be delivered to different areas of the network quickly, and the 
majority of participants will have access to up-to-date information.  
Furthermore, a combination of both weak and strong ties can better support decision-making. 
The reason for this is that weak ties, which provide links to dissimilar sources of knowledge 
and information, are more likely to transmit new information and novel ideas. Strong ties are 
more effective for information delivery, diffusion and coordination. Without strong ties, new 
knowledge and information sourced by weak ties would not be easily distributed within a 
network. In addition, coordinating decision-making, and combining bits of information and 
ideas to produce new design solutions, would not be effective due to limited and low 
frequency of information transmission in the network. At the same time, without weak ties 
providing connections to new sources of knowledge, there would be a shortage of new 
information and ideas, and the knowledge and information held by design participants would 
soon become homogeneous. This, in turn, would negatively affect innovation and 
identification of novel design solutions, which requires diverse perspectives and elements of 
new information and ideas. Consequently, a combination of weak and strong ties can provide 
an effective structure for sourcing diverse knowledge and new information, distributing it 
between participants, combining elements of knowledge and information to devise new 
design solutions, and coordinating decision-making efforts between design participants.   
In particular, frequent and direct interactions between design and construction participants 
can positively impact design decision-making. The reason is that designers are normally in 
charge of designing the final product (i.e., building, facility or structure), while construction 
participants are more knowledgeable about the construction process and influence the way 
the structure is going to be constructed. Therefore, direct, two-way and frequent interactions 
between these two groups of participants can coordinate their efforts, significantly assist in 
integrating construction knowledge into design decision-making, and contribute to achieving 
safety in design outcomes. 
In the same way, collaborative information exchanges in local groups of participants, which 
lead to the prevalence of triangular configurations (evidence for the closure process) in the 
interaction network, can increase the effectiveness of these networks in supporting the 
knowledge requirements of design decision- making. By bridging local structural holes and 
increasing cohesion, network closure enhances rapid local distribution of information within 
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the network, improves cooperation within groups of participants, and contributes to 
recombining and reconfiguring elements of knowledge and experience to address design 
problems. 
In addition to the micro-level features that characterise effective interaction networks, two 
meso-level configurations were identified and included in the model. These configurations 
represent the mechanisms through which influence across the levels occurs. As the evidence 
in this study suggested, these two configurations enhance alignment between decision 
information dependencies at the macro-level and information exchanges at micro-level. 
Therefore, these configurations further improve the ability of interaction patterns to match 
information dependencies between design decisions, and address knowledge and information 
requirements of design decision-making more effectively. 
The affiliation-based closure configuration reflects the direct involvement of common 
participants in making dependent decisions. This direct involvement enables the mobility of 
knowledge-sources between interdependent decisions, and enhances transmission of tacit 
knowledge: that is, the “how” and “why”, in addition to “what”. At the same time, directly 
involving common participants in related decisions increases the likelihood of participants’ 
engagement in informal problem-solving conversations. Through the alignment between 
information dependencies and the mobility of knowledge sources, interaction networks can 
support design decision-making more effectively. 
The cross-level alignment reciprocity effect, which was only significant in the cases 
involving non-routine design and construction process, indicates the participants’ high 
tendency to be involved in reciprocal information exchanges when they made highly 
interdependent decisions. This effect was in addition to the Affiliation-based closure 
contributing to a greater level of alignment between decision interdependencies and 
information exchanges in the non-routine cases, in comparison to the routine cases. 
Overall, by bringing together the features and characteristics of effective interaction, as well 
as the mutual influences between the micro- and macro-level, the model portrays a theoretical 
view of interaction effectiveness in safety in design decision-making. It also represents the 
mechanism through which influence across levels occurs. Consequently, this model provides 
a better and more realistic understanding of the way interactions and information exchanges 
can support achievement of positive safety in design outcomes. In addition, the model can 
also be applied in practice to proactively plan and encourage interaction networks to 
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incorporate features that contribute to enhanced effectiveness, so they can better and more 
appropriately address knowledge requirements of the design decisions-making, with the 
potential to produce improved safety in design outcomes. 
 
 Summary 
Using the findings from Chapter 4, the attributes and features of interaction patterns across 
the cases were compared, and a number of specific features linked to positive safety in design 
outcomes (i.e., constructability and WHS performance) were identified. The positive features 
evident during the cross-case comparison were: 
• involvement of constructors, suppliers and subcontractors in the interactions;  
• enabling construction-side participants to influence design decisions;  
• establishing links with new sources of knowledge and information, through boundary 
spanning and brokering, particularly when design teams deal with non-routine 
problems; 
• enhancing network connectivity and increasing direct interactions between 
participants; 
• encouraging a combination of weak and strong ties to source new knowledge and 
effectively distribute information between design participants; 
• improving frequent and direct interaction between design and construction 
participants; and 
• promoting collaborative information exchanges in local groups of participants leading 
to increased network closure. 
The above features characterise effective interaction networks at micro-level: that is, these 
features enable the interaction network to effectively address the knowledge and information 
requirements of design decision-making. Subsequently, an explanatory model was developed 
including these network features and indicating the reciprocal influence between the 
interaction patterns within project design teams (at micro-level), and the design decision 
interdependencies and their WHS outcomes (at macro-level). The reciprocal influences 
across these levels are continuous during the design process, and the decision network and 
the interaction pattern evolve together, each affecting the other. Furthermore, the model 
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reflects the mechanisms of this influence (at meso-level). Two significant mechanisms were 
identified: 
• direct involvement of common participants in making dependent decisions; and 
• reciprocal information exchanges between design participants when making highly 
interdependent decisions and dealing with non-routine design problems. 
Overall, the detailed investigation and comparison of socio-technical characteristics of the 
safety in design process across the cases facilitated a better understanding of the influences 
between dynamic social interactions and WHS outcomes associated with design decision- 
making. The analysis and the development of the model not only revealed the characteristics 
of effective communication in the context of safety in design, but also unpacked the 
mechanism by which effective communication supports the achievement of positive safety in 
design outcomes from design decision-making. 
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Chapter 6 – Conclusions, implications and further 
research 
 Introduction 
This chapter contains a summary of the findings, main conclusions and implications of this 
study. First, the research objectives are revisited and discussed. This is followed by 
reiterating the research problem and addressing it. The chapter also presents the contributions 
of the study to both theory and practice. Last, the limitations of the study are acknowledged, 
and opportunities and directions for further research are considered. 
 
 Discussion of research objectives 
As explained in Chapter 1, this research sought to address several objectives. These 
objectives are restated in Table 6.1 and are briefly discussed in this section. 
Table 6.1: Objectives of this research 
Research objectives 
1. To investigate the interaction network patterns that underlie WHS-related decisions and 
negotiations in construction projects, 
2. To identify specific features of these interaction networks, 
3. To determine which features are linked to better WHS decision outcomes, 
4. To investigate the way in which these features influence WHS-related decision 
outcomes, 
4.1. To investigate how social interactions provide the required information for making 
decisions with the potential to impact WHS in construction. 
 
6.2.1 Investigation of interaction patterns (objective 1) and identification of specific 
features of interaction networks (objective 2) 
These objectives were achieved by the case analyses presented in Chapter 4, and through 
applying the multilevel network framework and analysis approach explained in Chapter 3. To 
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ensure comprehensiveness of the investigation, in the analysis of each case interaction 
patterns that underpinned WHS design decisions were captured, mapped and analysed from 
different aspects (i.e., the changes in their patterns across the design decisions in each case, 
their overall pattern over the design process in each case, and the mutual influences between 
micro-level interaction patterns and macro-level decision interdependencies in each case). 
These aspects are discussed briefly below. 
First, interaction networks were mapped and investigated at each decision point and changes 
in interaction patterns were examined as key design decisions were made and revised. This 
enabled capture of the dynamism of social interactions and the decision-making process. The 
results indicated changing interaction patterns over the design process. In addition, 
improvement in WHS-related design outcomes was observed as participants with relevant 
construction knowledge participated in the interactions and took prominent positions within 
the networks during the decision-making episodes. This was particularly noticeable when the 
design decisions were being revised. Most notably, increased network density, and high 
centrality of participants with construction knowledge in interaction networks for revised 
decisions, were linked to important design solutions that improved constructability and WHS. 
This was clearly observed in cases A, D and E. 
Second, the overall pattern of interaction during the design process was investigated in each 
case. This was done by aggregating interaction networks for all identified design decisions in 
each case, and averaging interaction frequencies over the design process. Network metrics 
were used to investigate the structure of these interaction patterns at node level, tie level, and 
network level. These metrics included density, network centralisation and node centrality. In 
addition, the distribution of ties and positions of the nodes were examined and described.  
The investigation indicated the networks mostly included weak and mid-strength ties (i.e., 
ties strength values of less than 2), with a few strong ties. Furthermore, the portion of direct 
interaction ties present in the networks (i.e., the level of connectivity indicated by binary 
density) ranged from low to medium across the cases (24% to 44%). Similarly, network 
centralisation differed across the cases, with centralised networks for cases B, C and D, and 
medium to non-centralised networks in cases A, E and F.  
The constructor was normally the central participant within networks, except in case F in 
which the client and project manager were the participants with the highest centrality. Where 
the constructor was highly central in a centralised network (cases B, C and D), the 
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constructor acted as a “broker” linking different groups of participants (mainly supply-side 
and demand-side stakeholders). This brokering behaviour generally enabled the constructor 
to influence interactions and control the flow of information between participants, but did not 
necessarily make the constructor the most influential participant during the decision-making. 
For example, in case B, although the constructor was the most central participant, and a 
broker, during the interactions the client had the highest overall decision-making power. This 
was evidenced by the client’s average decision-making power over the design process which 
was the highest in comparison to other participants in case B.  
What is more, brokering behaviour only positively affected decision outcomes when it led to 
engaging new sources of knowledge in the network. This situation was observed in case E 
which included an interaction network with a moderate centralisation and was procured using 
a traditional (design-bid-build) approach. 
Suppliers and subcontractors were involved in interactions in five of the cases, except case F. 
However, the level of their involvement differed between the cases. As the evidence suggests, 
their involvement was normally to provide specialist expertise in specific design episodes, 
such as:  
• designing special structural connections (case A);  
• specifying the required space for safe access to installation locations when erecting 
steel members (case C);  
• deciding the sequence of work for installation (case D); and  
• devising special solutions to retain soil (case E). 
In all these cases, their input was associated with positive constructability and WHS 
outcomes. Furthermore, while suppliers of construction material and components, and 
subcontractors, mostly interacted with the constructor and designers, they also occasionally 
interacted with each other. This resulted in coordination of their activities and compatibility 
of structural components. For example:  
• In case A, the interaction between the steel subcontractor and steel supplier helped 
revise the dimensions of steel sections which resulted in improved efficiency in 
material usage, reduced waste, and made the installation process much easier (lighter 
steel sections in manageable lengths and with accessible connection points). 
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• In case D, the interaction between the steel erectors and concreters helped to identify 
new positions for extra columns, and coordinated the activities to construct new 
foundations and erect new columns in a timely manner and with minimum disruption 
to other construction activities. 
• In case E, direct interactions between the designers and suppliers of different 
components of the soil retention and propping system (i.e., the propping engineer, 
capping engineer and piling engineer) underpinned the design of the revised system 
(e.g., specifying pile spacing, piling depth, design of the capping beam, spacing of 
internal props, design of connection brackets, etc.). Consequently, the soil retention 
system, excavation activities and building construction were much safer and easier as 
the amount of work was reduced with fewer interruptions during excavation. 
Moreover, workers needed to spend less time in the excavated ditch, in confined 
spaces and at height. 
Third, the involvement of participants in decision-making was captured and used within a 
multilevel analysis framework to simultaneously investigate the decision interdependency 
pattern and its underpinning interaction pattern in each case. This approach enabled the 
examination of socio-technical complexities and interdependencies in design decision-
making. It was found that certain structural properties of multilevel networks can facilitate 
alignment between the information interdependencies of the design decisions and the 
interaction patterns that underpinned them. Where there was a technical dependency between 
decisions, direct involvement of participants in decisions (indicated by the affiliation-based 
closure effect) was a significant mechanism of knowledge and information transfer, 
contributing to positive outcomes. For example: 
• In case A, the design manager, construction manager, project manager and architect 
involved in the specification and revision of the framing layout (D01b), were also 
involved in the specification of the construction material for the horizontal structural 
members (D04b), the number of connections between the façade frame and the 
building (D07b), and the length of precast concrete members (D10). All these 
decisions depended on (required information from) the framing layout. These 
participants were also involved in revising the construction methodology to safely 
install the frame members floor-by-floor, such that workers could undertake the work 
from each floor level and there was no need to work on the exterior of the building 
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and at height (D02b). At the same time, the above participants specified the location 
of the connections between the frame and the building (D13), making the connection 
points accessible from the floor levels (thus, eliminating the need to work at height).  
• In case A, the steel subcontractor was involved in both revising the framing layout 
(D01b) and specifying construction material for horizontal structural members 
(D04b). 
• In case C, the constructor and constructor’s engineer decided on the connection type 
between the roof truss sections and the methodology to connect them (D05). These 
participants also made the decision to attach bearing plates to columns to allow for 
temporary support of preassembled sections of trusses at height while they were being 
installed (D17). This decision made it much easier and safer to align connection holes 
between truss sections and install bolts at height. 
• In case E, the constructor, propping engineer, piling engineer and capping engineer 
were involved in interdependent decisions about perimeters of the excavation ditch 
(i.e., the distance between the excavation face and the basement wall) (D05b), type of 
soil retention system (D08b), method for constructing the basement wall (D16b), and 
method for waterproofing the basement wall (D17c). As a result of these decisions, 
workers were not required to enter the confined space between the basement wall and 
the excavation face; therefore, they were no longer exposed to risks associated with 
collapsing soil, falling from height, and being hit by objects. 
In addition, when the nature of the design and construction works was non-routine (as in 
cases A and E), two-way information exchanges between participants involved in 
interdependent decisions (indicated by the cross-level alignment reciprocity effect) further 
enhanced alignment between decision interdependencies and interactions. As a consequence 
of this alignment, interaction patterns facilitated more effective information and knowledge 
transfer between interdependent decisions, leading to positive constructability and WHS 
outcomes. For example: 
• In case A, the decision to revise the construction methodology to work from inside the 
building (D02b) was mutually dependent on the length of precast structural elements 
(D10). The design manager, project manager and construction manager engaged in 
frequent and two-way information exchanges when making these decisions, 
considering the implications of their decisions on structural design, construction 
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methodology and planning of activities. The outcome was a safer construction process 
which enabled workers to install the façade structural members from inside the 
building while standing on the finished floor slabs. Consequently, the critical risk of 
falling from height was eliminated. 
• In case E, mutually interdependent decisions to specify the area and method for 
excavation (D05b), and the type of soil retention system and its construction method 
(D08b), were underpinned by two-way interactions between the constructor and piling 
engineer, propping engineer, capping beam designer, architect, client and client’s 
engineer. In the same way, these participants engaged in two-way information 
exchanges when deciding the construction methodology for the basement wall (D16b) 
which was highly dependent on the design of the soil retention system. These were 
key decisions associated with the design and construction of the special soil retention 
system which, in turn, enabled safe construction of the basement and addressed a 
number of critical WHS risks including falling from height, cave in, or being hit by 
objects and structures. 
The comprehensive investigation of network interaction patterns (objective 1), and 
identification of their specific attributes and features (objective 2), in this research 
highlighted the changing nature of these patterns over the design process as the requirements 
of decision-making situations vary. In addition, the investigation revealed that the following 
features impact on the effectiveness of interaction networks to address the knowledge 
requirements of design decisions-making, and to influence WHS outcomes from the design 
decisions: 
• participants involved in social interaction networks;  
• structure of interactions between participants;  
• participants’ relative power to influence decisions; 
• the way patterns of participants’ information exchange and decision-making 
involvement align with interdependencies between the design decisions (i.e., the 
alignment of network patterns at different levels with each other); and  
• the context of the design process (i.e., decision-making circumstances). 
The results of this investigation guided, and provided a structure for, comparing the 
interaction patterns across the cases and linking them to WHS outcomes (objectives 3 and 4). 
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Based on the above results, the comparison focused on four main aspects of the design 
process: 
• overall pattern of interactions; 
• participants’ involvement in decision-making; 
• structural features and configurations of multilevel networks; and 
• circumstantial and contextual factors in design decision-making. 
 
6.2.2 Interaction features that contribute to positive WHS decision outcomes 
(objective 3), and investigation of the way these features influence WHS-related 
decision outcomes (objective 4) 
These objectives were addressed in the cross-case comparison presented in Chapter 5. 
Subsequent to the multifaceted investigation of interaction patterns in each case, identified 
attributes and specific features were compared across the cases which were grouped, based on 
their WHS performance, into high and relatively low HOC scoring cases. This enabled 
identification of specific interaction features with the potential to contribute to positive 
constructability and WHS decision outcomes. Hence, they were recognised as characteristics 
that appear to support effective decision-making in the context of safety in design. 
A key finding from the analysis was that effective interaction networks need to fulfil two 
purposes. First, based on information requirements of decision-making situations, networks 
need to provide access to suitable sources of knowledge and expertise. Thus, elements of 
knowledge and information, which could potentially be used for developing new solutions, 
can be retrieved and shared within the network. Second, networks need to provide an 
appropriate structure through which elements of knowledge and information can be 
distributed and combined to develop new design solutions. 
Hence, the identified network features are grouped into two categories, namely: 1) features 
characterising access to knowledge sources; and 2) structural features which characterise the 
distribution of knowledge and information among participants. The first group of features 
influence the availability of suitable knowledge and information within the design interaction 
network; thus, they can contribute to enhancing the network’s knowledge content. Design 
participants can benefit from access to suitable knowledge and expertise (especially 
knowledge associated with the construction process) to improve the effectiveness of their 
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decisions. The second group of features influence suitability of the interaction network 
structures to distribute elements of knowledge and information between participants 
effectively, and facilitate the combination of these elements to develop new design solutions. 
Furthermore, two cross-level (meso-level) configurations were identified, acting as the 
mechanisms which assist to align participants’ decision-involvement and information 
exchange patterns (micro-level) with information dependencies and requirements between 
decisions (macro-level). These configurations represented the affiliation-based closure and 
the cross-level alignment reciprocity effects in networks. The first configuration indicated the 
tendency of participants to be involved in making pairs of decisions which were 
interdependent (i.e., required information from each other). Hence, this configuration 
reflected an alignment between design decisions interdependencies and participants’ 
involvement in decision-making. The second configuration indicated the tendency of 
participants involved in pairs of interdependent decisions to directly interact with each other. 
Therefore, this configuration reflected an alignment between the pattern of design decisions 
interdependencies and the pattern of social interactions. 
 
Features that enhance access to knowledge sources 
This study showed three key network features could potentially increase the knowledge 
content of interaction networks, especially construction process knowledge which is 
beneficial for improving constructability and WHS. Therefore, these features could contribute 
to effective problem-solving, which is a highly knowledge-dependent process. The features 
are:  
• involving suppliers and subcontractors in interactions and decision-making; 
• high decision-making power of construction participants; and  
• establishing new interaction links with external sources of knowledge (boundary 
spanning). 
Suppliers and subcontractors are valuable sources of construction specialist knowledge and 
expertise. Involving suppliers and subcontractors in decision-making can enhance the 
integration of construction knowledge into the design process; hence, positively influencing 
safety in design outcomes. Furthermore, subcontractors are responsible for executing 
construction tasks and construct the final structural elements and building components. 
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Therefore, involving them in the design process enhances coordination between design 
solutions and construction requirements, and contributes to achieving realistic and 
constructible design solutions which improve WHS. Previous researchers have reported 
positive outcomes arising from incorporating suppliers’ and subcontractors’ expertise in 
design decision-making (e.g.: Gray & Flanagan, 1989; Slaughter, 1993; Wright et al., 2003; 
Franz et al., 2013). Nevertheless, the evidence provided by these studies has been at a generic 
level. That is, while these studies report positive outcomes when suppliers and subcontractors 
were involved in design process, the studies do not reveal the specific circumstances of their 
involvement to explain why and how the positive outcomes were achieved. The current study 
builds on this previous work and extends it by providing detailed evidence at the decision-
level linking subcontractors’ and suppliers’ knowledge inputs to positive decision outcomes. 
To establish this link, in each decision scenario the decision circumstances, the knowledge 
inputs, the way in which better solutions were devised, and the effects on constructability and 
WHS outcomes, were systematically examined. In addition, this study has unpacked the 
mechanisms by which positive influences on decision outcomes occurs through intra-team 
communication in construction projects. This has been achieved through a detailed analysis 
of the structure of knowledge and information exchanges, as well as the multilevel analysis of 
interdependencies between technical decisions and social interactions.  
Another factor enhancing integration of construction knowledge into the design process is the 
relatively high decision-making power of participants with construction knowledge. 
Construction participants normally have a practical view of the construction process which 
comes from their construction expertise, and experience in using construction material and 
methods (Lingard et al., 2014; Tool, 2002). As the findings of this study indicated, 
recognising the value of their inputs, and creating a favourable environment for these 
participants to actively involve and use their expertise in informing the design decisions, 
positively impacts project outcomes, particularly those related to constructability and WHS.  
Boundary spanning and brokering can provide further access to new knowledge and 
expertise. As the evidence in this study suggests, this is particularly beneficial when the non-
routine nature of the design and construction problems requires devising new and innovative 
solutions, but the existing sources of knowledge and expertise within project teams do not 
sufficiently support effective knowledge creation and integration. Involving new (and 
relevant) sources of knowledge and expertise in decision-making, and establishing 
collaborative information exchanges with those in possession of this knowledge, can enhance 
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the design team’s ability to devise new solutions through combining elements of new and 
existing knowledge. 
 
Structural features 
This study indicated that four structural features of an interaction network could improve 
distribution and combination of knowledge and information elements. This could potentially 
contribute to problem-solving activities and lead to identifying design solutions that could 
address construction issues more effectively. The structural features are: 
• prevalence of direct information exchanges between participants; 
• coexistence of frequent (strong interaction ties) and non-frequent (weak ties) 
interactions between participants; 
• collaborative information exchanges between sub-groups of participants; and 
• direct and frequent interaction between design and construction participants. 
Prevalence of direct information exchanges between participants is reflected by network 
connectivity. High levels of direct information exchange in a network are related to high 
speed of information exchange and diffusion within the network, and high network cohesion. 
The reason for this is that a high number of interaction ties in a network indicates the 
majority of participants exchange information directly; hence, there would be less reliance on 
intermediary participants for information transfer. This also leads to the existence of 
alternative paths of information exchange between participants since information can be 
transmitted between two participants through many different paths. Consequently, the 
distribution of information between participants would be achieved more reliably, because if 
some individuals delay or fail to transfer information to other project participants, there 
would be other paths through which these participants could receive the information. High 
connectivity can also lead to a homogeneity of knowledge and information within a network, 
as information can reach different parts of the network quickly and all participants will have 
access to similar information. This can enhance the coordination of problem-solving efforts 
and collaborative exchange of information, and improve team performance. However, a very 
high level of connectivity and information exchange can have a negative effect on team 
performance by causing “information overflow”. In addition, a high-level of knowledge and 
information homogeneity within a network can negatively impact innovation, as participants’ 
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knowledge and information would be highly similar, potentially reducing decision-makers’ 
ability to draw on different information and new knowledge elements to devise novel 
solutions. The evidence from this study indicated a medium level of connectivity, 
accompanied by the involvement of new sources of knowledge, achieved an effective balance 
between these two effects and led to better decision outcomes. 
Coexistence of strong and weak interaction ties is another factor which appears to enhance 
the effectiveness of knowledge and information transactions in supporting design decision-
making. Strong ties, formed by frequent interactions, signify established communication 
paths. As the evidence in this study indicates, these paths form a “backbone” for design 
interaction networks and are instrumental for:  
• transferring complex knowledge;  
• timely delivery of information to different network components; and  
• coordinating knowledge and expertise to support local decision-making efforts.  
Weak ties, on the other hand, mostly indicate less frequent specialist information exchanges 
between participants to address specific decision requirements. In this study, these ties were 
present in all the cases and normally had two functions. They provided links to external 
participants, such as regulatory authorities, design assessors and end-users, ensuring the 
requirements of these parties were considered and addressed. In addition, weak ties formed 
structural bridges, bypassing intermediary participants and routine paths of information 
exchange; thus, they increased the speed of information transmission when quick access to 
specialist knowledge and experience was needed. At the same time, weak ties are more likely 
to transfer non-redundant information and diverse perspectives (Granovetter, 1973; Perry-
Smith & Shalley, 2003) which are crucial in informing specific decision-making scenarios in 
which specialist expertise can improve outcomes. The findings of this study highlight that 
design teams can benefit from combining weak and strong ties when planning and 
maintaining their communication networks. The benefit is realised through:  
• Accessing and exploiting new knowledge through situational interactions with a 
diverse range of specialist knowledge sources and experts, as required for making 
specific design decisions – for example:  
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• when revising the façade frame layout (D01b) and size of steel sections (D05b) in 
case A, during which the steel supplier and subcontractor provided valuable 
inputs; and  
• when revising the area to be excavated (D05b), the distance between piles (D06c) 
and the type of soil retention system (D08b) in case E, during which participants 
from the constructor-side, external consultants, suppliers, subcontractor and 
heritage regulator were involved. 
• Developing established paths of frequent interaction between key team members to 
navigate information, transfer complex knowledge, and coordinate local decision-
making efforts of different disciplinary sub-teams – for example, the frequent 
interactions between the design manager, construction manager and project manager 
in case A facilitated collaboration and coordination between these three discipline 
heads. Each of these key participants further exchanged information within their 
disciplinary teams (i.e., design team, construction team and project management 
team). Consequently, decisions associated with building design, construction process 
and project plan were highly integrated. 
Collaborative information exchanges and direct and frequent interactions between 
participants, which create a strongly interconnected network, can enhance the effectiveness of 
interaction networks in supporting the knowledge requirements of design decision-making 
leading to positive outcomes. Bridging local structural holes leads to the prevalence of 
triangular configurations (closure process) and increases network cohesion. Consequently, 
distribution of information will be faster due to the presence of direct interaction ties between 
participants. Better access to information can improve coordination of decision-making, 
support cooperation both within and between sub-groups of participants (e.g., disciplinary or 
functional teams), and enhance their ability to recombine elements of their knowledge and 
experience to solve design problems. 
Frequent interaction between design and construction participants can further support 
integration of construction knowledge in design decision-making, leading to positive 
constructability and WHS outcomes. Two-way communication between designers and 
constructors, and collaborative brainstorming, have been recognised as key factors that 
substantially assist with integrating construction knowledge into design decision-making 
(Hare et al., 2006), improve WHS (Lingard et al., 2014a) and contribute to achieving 
successful project outcomes (George et al., 2008). The evidence from this study further 
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indicates the positive association between frequency of information exchanges between these 
participants and the effectiveness of decision outcomes.  
It is important to note that unlike the generic evidence in prior studies, in this study 
interaction patterns and decision outcomes were investigated directly when making each 
design decision. This detailed analysis facilitated the establishment of a stronger and more 
direct link between the design and construction participants’ information exchanges during 
the decision-making, and the quality of WHS outcomes from those decisions. 
 
Mechanisms aligning social interactions with technical dependencies between decisions 
The evidence from this study also suggests two network features, which were significantly 
associated with positive decision outcomes, could improve alignment between design 
decision interdependencies and participants’ information exchanges. Through this alignment, 
social interactions could facilitate more effective flow of information and expertise between 
interdependent decisions, enabling better-informed decisions to be made with the availability 
of relevant information and expertise. Potentially. this could lead to achieving positive 
constructability and WHS outcomes. 
The two multilevel network configurations which created this alignment were the affiliation-
based closure and the cross-level alignment reciprocity effects. The qualitative data analysis 
suggests these configurations act as mechanisms enhancing the alignment of participants’ 
social information exchanges at a micro-level, with technical interdependencies and 
information needs of design decisions at a macro-level. Thus, they further improve the 
effectiveness of network interaction patterns to support the design decision-making and 
address its knowledge and information requirements. An example for the first effect is in case 
A, in which the design manager, construction manager, project manager, architect and steel 
subcontractor were involved in interdependent decisions to specify the façade framing layout 
(D01b), and to decide the construction material for horizontal structural members (D04b). 
The availability of these participants’ relevant expertise and viewpoints when making 
interdependent decisions about design and construction of the façade frame resulted in 
redesign of the frame (by revising both its architectural design and structural characteristics), 
making it safer and easier to construct while achieving the client’s and architect’s design 
requirements. Another example for the second effect is in case E, in which the two-way 
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interactions between the constructor, piling engineer, propping engineer, capping beam 
designer, architect, client and client’s engineer underpinned mutually interdependent 
decision-making when specifying the area and method for excavation (D05b), and the type of 
soil retention system and its construction method (D08b). The two-way interactions between 
these participants improved alignment between information exchanges and information 
interdependencies between these two decisions. 
Direct involvement of common participants in making dependent decisions, indicated by the 
affiliation-based closure configuration, was found to enable mobility of knowledge sources 
between interdependent decisions, enhancing transmission of tacit knowledge; that is, the 
“how” and “why”, in addition to “what”. Through alignment between information 
dependencies and mobility of knowledge sources, interaction networks can support design 
decision-making more effectively. For example, in case A, the length of precast concrete 
frame elements (D10) was specified to span two floors. While the architect’s preference was 
to increase the length of concrete elements, the construction team was considering structural 
and constructability aspects of the decision. Involving the design manager, construction 
manager and project manager in both decisions about construction methodology (D02b) and 
specifying the length of concrete elements (D10) facilitated consideration of transport and 
lifting requirements, structural stability and a safe installation process, in addition to 
architectural requirements, when specifying the length of concrete elements. The design and 
construction expertise of these participants, and their view of a suitable construction process 
for the project, which was developed when making the decision about construction 
methodology (D02b), provided a broader view of façade design implications and encouraged 
discussions about a variety of requirements when specifying the length of concrete elements. 
This enabled the participants to focus not just on “what” length was required for the elements, 
but to understand “why: the length could not exceed a certain limit, and ‘how’ the design, 
construction and transportation requirements could be all fulfilled. The decision outcome 
satisfied the architectural and transportation requirements, and workers could install the 
elements safely while standing on the finished floor slabs inside the building. 
At the same time, direct involvement of common participants in making interdependent 
decisions increases opportunities for participants’ engagement in informal and unplanned 
problem-solving conversations. It has been suggested these conversations support shared 
knowledge creation, and are beneficial for idea generation and collaborative problem-solving 
in multidisciplinary teams (Dossick & Neff, 2011). For example, in case E, direct 
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involvement of, and discussions between, the constructor, client, architect, external 
consultants and suppliers (propping engineer, piling engineer, capping beam designer), 
heritage regulator and subcontractor during the decision-making about the type of soil 
retention system led to identifying an innovative method to retain the soil without using 
external props, and also contributed to revising the construction method for the basement 
wall. This revision resulted in eliminating the need for using formwork behind the wall, as 
the retaining wall could also act as formwork for the wall. The outcome was less construction 
work, enhanced constructability, and improved workers’ safety. 
The participants’ high tendency to engage in reciprocal information exchanges when they 
were making highly interdependent decisions was indicated by the cross-level alignment 
reciprocity effect. This effect was only significant in the cases involving a non-routine design 
and construction process. This significant effect was present in these cases in addition to the 
significant affiliation-based closure effect. The existence of two-way interactions between 
participants in making interdependent decisions, in addition to mobility of knowledge sources 
between these decisions, creates an alternative method of information transfer. Therefore, a 
greater level of alignment between decision interdependencies and information exchanges 
will be achieved, as was seen in cases A and E. This greater alignment can further enhance 
the effectiveness of interaction networks to support knowledge and information requirements 
of non-routine problem-solving situations in comparison to routine situations. For example, 
frequent and two-way interactions between key participants (design manager, construction 
manager and project manager) in case A, in addition to their high involvement in 
interdependent design decisions, enhanced information transfer between decisions. At the 
same time, a higher level of connectivity between sources of knowledge could be achieved 
through frequent and two-way interactions, creating a greater capacity for integrating and 
recombining information and knowledge elements to generate new solutions. 
 
 Addressing the research problem 
This study has established a “foundation” for both research and industry efforts seeking to 
achieve WHS improvements intended by safety in design. As stated in Chapter 1, this 
research set out to understand the following research problem: 
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What are the characteristics of effective communication in relation to WHS-related 
design decision-making and how does effective communication contribute to the 
achievement of “safety in design”? 
Furthermore, a major gap in the existing research, highlighted in chapters 1 and 2, has been 
the absence of adequate research into the nature of communication and collaboration in 
relation to safety in design decision-making as it happens in the real, complex and dynamic 
context of construction design work. This study has addressed this problem from several 
aspects. 
First, a comprehensive investigation of WHS-related design decision-making was undertaken 
to address the identified research gap. The comprehensiveness of the investigation was 
achieved by: 
1. Applying a multilevel framework, capturing and linking social and technical aspects 
of the design process at different analysis levels. Thus, the socio-technical 
complexities of the design process were considered.  
2. Longitudinally capturing design decisions, interactions and decision outcomes at each 
decision point during the design process. This permitted an understanding of the 
dynamism of design decision-making and the social interactions underpinning 
decisions made over time. 
3. Taking a multilevel network perspective to investigate structural characteristics of 
decisions and interaction networks, and linking them to WHS outcomes. This enabled 
the investigation of various theoretical mechanisms that motivated the emergence of 
particular network patterns and stimulated specific network outcomes. 
4. Using qualitative data to investigate contextual factors and attributes that affected 
design decision-making and social interactions in a series of design cases. 
5. Using a case study approach which enabled an in-depth investigation of 
communication and decision-making within the unique contexts of construction 
projects. 
Second, through in-depth analysis of each case, diverse social interactions between design 
participants were investigated within the WHS-related design decision-making context. 
Moreover, by further comparing attributes and features across the cases, this study identified 
specific features that characterise effective communication in the context of WHS-related 
design decision-making. In addition, the way in which the specific characteristics contribute 
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to achieving positive safety in design outcomes was discussed with reference to the case 
findings, as well as previous research. Some of these characteristics have the potential to 
improve the knowledge content accessible to decision-makers within their network. It was 
found that:  
• Involving participants with construction process knowledge and expertise (especially 
suppliers of building component and subcontractors) in design decision-making, and 
creating a favourable environment encouraging them to actively contribute to 
decision-making, can lead to improved WHS outcomes. The reason for this is that 
their involvement enhances access to construction process knowledge within design 
interaction networks and improves opportunities for integrating this knowledge into 
design decision-making. 
• Engaging new sources of knowledge and expertise (e.g., external consultants and 
suppliers) can be beneficial to WHS-related decision-making, especially in situations 
in which decision-makers deal with unfamiliar design problems and suitable sources 
of knowledge are not readily available within the project team. Access to new 
knowledge can increase opportunities for combining elements of knowledge and 
information to develop new, non-routine design solutions.  
Other characteristics can improve the structural features of interaction networks and more 
effectively enhance the distribution and combination of elements of knowledge and 
information within networks. This, in turn, creates the potential for design teams to devise 
more informed design solutions and more appropriately align their interactions with 
information requirements of design decisions. In was found that: 
• High tendency of participants to directly exchange information can increase the speed 
of information distribution between them, enhance their access to knowledge and up-
to-date information, and reduce their reliance on assumptions. Hence, design 
decisions would be better informed and, with the availability of construction 
knowledge, their construction and WHS implications could be considered during 
decision-making. 
• frequent interaction (reflected by strong network ties) between key participants can 
enhance information transmission between different areas of a network, especially 
complex information which requires more explanation and interaction effort, and can 
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assist with coordinating decision-making activities by providing better access to 
similar information. 
• Occasional interaction (indicated by weak network ties) between participants can 
further enhance situational information exchanges during specific decision-making 
scenarios (e.g., when highly technical expertise is required to design a special 
structural component, or when constructability of a particular design solution needs to 
be ensured). These occasional interactions normally end after specific decisions are 
made and do not continue over the design process (as opposed to frequent interactions 
reflected by strong ties). However, they are valuable means of providing access to 
knowledge and information during specific decision-making situations; for example, 
by providing occasional links to external stakeholders to facilitate their input into 
decision-making, or by bypassing formal paths of interaction to speed up information 
exchanges when required. 
• Frequent interaction between design and construction participants can improve 
coordination between design and construction decisions, and assist with integrating 
construction knowledge into design decision-making. Thus, it can potentially lead to 
improved constructability and WHS outcomes from design decision-making. 
• Engaging participants who exchange information through intermediary participants 
(i.e., with no direct exchange) in direct interaction can help bridge local structural 
holes in communication networks, leading to the formation of strongly connected sub-
groups of participants within interaction networks. This, in turn, can enhance 
collaborative decision-making within sub-groups of participants (e.g., disciplinary or 
functional teams) and enhance their problem-solving ability. 
• Direct involvement of participants with relevant expertise in making interdependent 
decisions can enhance the application of their tacit knowledge, as well as their 
understanding of the logic behind design choices, and increases opportunities for 
participants’ engagement in problem-solving discussion during the decision-making, 
potentially leading to improved outcomes. At the same time, two-way interaction 
between participants involved in making interdependent decisions can further enhance 
information transfer between these decisions and assist participants to better align 
their information exchanges with information interdependencies between decisions.   
Third, a model was developed capturing significant features and characteristics of effective 
interaction, and representing the mechanisms of influence between interactions at micro-level 
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and the design decisions and WHS outcomes at macro-level. The model highlights the mutual 
influence between micro-level social interactions and macro-level design decision 
interdependencies and their associated WHS outcomes, resulting in the co-evolution of the 
patterns at these two levels. Hence, interaction networks are shaped and constantly 
reconfigured based on information requirements and interdependencies of design decisions. 
At the same time, new design solutions emerge, and WHS outcomes are influenced, as the 
consequence of interactions and negotiations between participants, resulting in changes in 
decision patterns. The model also presents features and characteristics (explained earlier in 
this section) that potentially improve the effectiveness of interaction networks in addressing 
the information requirements of design decision-making, leading to positive WHS outcomes. 
Consequently, the way effective interaction can contribute to making effective design 
decisions and achieving positive safety in design outcomes was further clarified. 
Overall, by focussing on the segregation and communication problems in construction 
projects, this study has significantly enhanced understanding about how to achieve improved 
WHS outcomes from design decision-making. The study has demonstrated the following 
communication characteristics have the potential to improve safety in design decision-
making: 
• involvement of suppliers and subcontractors; 
• high decision-making power of construction participants relative to other participants; 
• establishing new interaction links with external sources of knowledge (boundary 
spanning); 
• direct information exchange between participants; 
• frequent interaction between key participants, and occasional interaction based on 
specific decision-making requirements (coexistence of strong and weak ties); 
• frequent interaction between design and construction decision-makers; 
• collaborative information exchange with sub-groups of participants; 
• direct involvement of common participants in making interdependent decisions; and 
• two-way interaction between participants involved in making interdependent 
decisions. 
Above all, the study has comprehensively investigated the nature of communication and 
collaboration in relation to safety in design decision-making as it happens in the real, 
complex and dynamic context of the construction design process. Thus, the study has 
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established a basis for both research and industry efforts aiming to better exploit WHS 
improvements intended by safety in design.  
 
 Contributions to theory 
6.4.1 Research in the construction industry 
A key contribution of this study is the establishment of a strong and direct link between 
characteristics of participants’ interactions during design decision-making and the quality of 
WHS outcomes from those decisions. This was achieved by directly investigating interaction 
patterns, decision outcomes and decision-making contexts when making each design 
decision. Thus, this study is distinguished from prior studies which have provided generic 
evidence attempting to link certain aspects of design decision-making (e.g., involving 
suppliers and subcontractors, or communication between design and construction 
participants) to achieving WHS outcomes. 
What is more, this study has contributed to existing research by advancing knowledge and 
understanding of the influences between dynamic social interactions and WHS outcomes 
associated with design decision-making. In doing so, this study has identified characteristics 
of effective communication in the context of safety in design, and has also unpacked the 
socio-technical mechanism by which effective communication supports achieving positive 
safety in design outcomes from design decision-making. 
Research previously undertaken in the construction industry has recognised the link between 
the occurrence of WHS incidents on construction sites and problems inherent in systems of 
work conceived at planning and design stages of projects. Consequently, it has been proposed 
that WHS risks need to be anticipated and proactively “designed out” at early project stages 
(i.e., safety in design). Various tools and techniques have been developed to support safety in 
design efforts by making construction knowledge available to design decision-makers. 
However, as evidence suggests, in most cases safety in design efforts have led to relatively 
modest reductions in the level of WHS risk experienced by workers (Brace et al., 2009; 
Atkinson & Westall, 2010). In other words, the expected benefits from implementing safety 
in design have not yet been fully achieved in the construction industry. 
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An important underlying issue, until now unresolved, is that safety in design efforts have 
failed to address knowledge and information requirements of design decision-making, while 
coping with special characteristics of the design process. In particular, although collaboration 
and effective communication have been mentioned as a requirement for effectively 
implementing safety in design, there has been a scarcity of studies that have actually delved 
into the nature of communication and collaboration in relation to safety in design decision-
making as it happens in the real, complex and dynamic context of construction design 
activities. Prior to this study, researchers had not undertaken a comprehensive study of the 
mechanisms by which diverse relationships and social interactions between participants in the 
design decision-making shape and affect the quality of construction WHS outcomes. 
The reality is that efforts to enhance safety in design outcomes, and the tools and techniques 
that aim to help designers improve WHS outcomes, will not be effective without 
understanding the mechanisms through which WHS-related design decisions are actually 
made and revised through social interactions between project participants. Without such an 
understanding, tools and techniques can only provide generic suggestions or rely on 
simplistic risk management processes which view WHS improvement as a superimposed 
effect on the design process. An understanding of the socio-technical characteristics of WHS-
related design decision-making makes two advances possible. First, WHS improvement 
efforts can be integrated into design decision-making activities effectively and proactively. 
Second, relevant constructability and WHS-related knowledge and expertise can be made 
accessible and used within interaction networks that underpin specific decision-making 
situations.  
In this study, implementing safety in design is viewed as a process involving social 
interactions and collective decision-making. This is particularly important because the 
majority of the existing literature on safety in design seems to put a strong focus on 
individuals as “designers”, and consequently takes an attitudinal and psychological view of 
the safety in design process (see for example: Yates & Battersby, 2003; Gambatese et al., 
2005a & 2005b; Tymvios & Gambatese, 2016a; Gambatese et al., 2017). Adopting this 
perspective has led to an emphasis on factors associated with individual designers and their 
attitudes, such as “the designer’s knowledge and acceptance of the safety in design concept”, 
“designer’s ability, education and training”, “designer’s motivation” and “designer’s access 
to design tools and resources” to promote successful implementation of safety in design. This 
is despite the acknowledgement that design is a multidisciplinary and collaborative effort 
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(Pektaş et al., 2006; Tryggestad et al., 2010). A strong focus on individual designers’ roles, 
prevalent in the existing literature, has led to an incomplete, and arguably unrealistic, 
perception of safety in design implementation in construction projects. 
In contrast, this research has taken a collective and social perspective of social interactions 
and negotiations involved in the design decision-making process. Through applying such a 
perspective, this study has focused on the design decision-making process as a collective 
social-technical system. This approach, in turn, made it possible to understand safety in 
design within the socio-technical complexity that has been mostly ignored or simplistically 
viewed in previous safety in design research. 
The social and technical aspects of design decision-making are highly interdependent. 
Therefore, focusing on one aspect without considering the other leads to an unrealistic and 
simplistic conceptualisation of the design decision-making process. This point is clarified in 
Figure 6.1 which depicts interdependent social and technical aspects of design decision-
making. 
Figure 6.1 indicates the important reciprocal influence between technically interdependent 
design decisions at the macro-level and social interactions which underpin the decision-
making at micro-level. At the macro-level, design decision-making can be conceptualised as 
a network of technically interdependent decisions, with some decisions building on (or 
requiring information from) others. However, a detailed view of the decision-making process 
reveals that making each design decision involves social interactions and negotiations 
between a group of participants. In other words, at the micro-level view, design decisions are 
the outcome of social interactions between participants. New design solutions emerge from 
these social interactions and information exchanges; thus, the decision network at macro-
level evolves. The social interactions during decision-making are indicated by green dotted 
arrows in Figure 6.1. 
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Macro Level
Micro Level
Design decisions and the 
interdependencies between them
Social interactions between 
participants in decision-making  
Figure 6.1: The interdependent social and technical aspects of design decision-making 
At the same time, social interactions between design participants take place because of the 
knowledge and information requirements of design decision-making. Hence, social 
interaction patterns at each decision point differ to address the specific knowledge 
requirements of each decision-making scenario. Hence, the interaction network at micro-level 
repeatedly reconfigures and evolves during the design process. 
In addition, as this study revealed, involving particular participants in interdependent 
decisions, as well as direct interaction between participants in different decisions, facilitates 
transfer of relevant information and knowledge between interdependent decisions. These are 
respectively indicated in Figure 6.1 by black continuous and dotted arrows between decisions 
at the micro-level.  
Consequently, there are important interdependencies between the social aspect of design 
decision-making (at the micro-level) and the technical aspect (at macro-level), with network 
patterns at one-level influencing patterns at the other level. Thus, macro- and micro-level 
patterns evolve together. What is more, each level cannot exist without the other level. These 
key interdependencies between social and technical aspect of design decision-making need to 
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be considered when studying design decision-making and its outcomes (e.g., WHS and 
constructability). 
The above discussion highlights an important contribution of this study to knowledge about 
design decision-making in the context of safety in design. This study involved a concurrent 
investigation of design decisions, their emergence during the design process, their 
interdependencies, and the social processes and information exchanges that enable them. 
Therefore, specific socio-technical characteristics of the design process (such as its 
complexity, multilevel nature and dynamism) have been taken into account, and a more 
comprehensive and realistic understanding has been facilitated about implementing safety in 
design in construction, and the role of social interactions in enabling it.  
 
6.4.2 Methodology 
This study has also made a unique and significant methodological contribution to the body of 
knowledge within construction management, and specifically in association with design 
decision-making and safety in design.  
This research is one of the first multilevel network analysis studies in the construction 
management field. Despite recognising the networked nature of relationships and interactions 
in construction projects, few studies have taken a network perspective to observe collective 
interactions and negotiations in projects. Even where a network approach is adopted, the 
application has been single level and has mostly taken a static and aggregated view of the 
interactions (see for example: Chinowsky, 2010; Ruan et al., 2012). Consequently, these 
studies have failed to effectively capture the dynamism and true complexity of the socio-
technical context of construction projects. This deficiency becomes more significant when 
considering a highly dynamic and complex process such as design decision-making. 
In contrast, this study has taken a detailed view of the social interactions during the design 
process. Longitudinal qualitative and quantitative data were combined and analysed to gain a 
comprehensive understanding of the reciprocal influence between design decision outcomes, 
and the information exchanges and negotiations at each decision point.  
The analysis of rich qualitative data in this study enabled a comprehensive understanding of 
the design decision-making process and its context in each case. The analysis revealed the 
circumstances of each decision-making episode, the decision outcomes, and the way new 
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design solutions emerged and already-made decisions were revised during interactions 
between design participants, while design requirements and participants repeatedly changed 
and new problems arose. Thus, a comprehensive understanding was achieved of the evolution 
of design decision-making and its context. The analysis of quantitative data provided a 
detailed view of the pattern of interaction during each decision-making episode, participants 
in each decision, their relative influence in shaping decision outcomes, and the importance of 
information exchanged between them.  
The combined analysis, and triangulation of rich qualitative and quantitative data, in this 
study enabled a unique, multifaceted and in-depth understanding of the socio-technical 
complexity and dynamism of the design decision-making and its associated WHS outcomes 
which had not been achieved by previous studies. Triangulation of the data also improved the 
reliability of findings. 
Most importantly, in this study a multilevel network framework has been developed and 
applied to capture and investigate the socio-technical complexities of the design decision-
making process. The multilevel framework facilitated the concurrent investigation of social 
interactions between participants and the technical interdependencies between design 
decisions at different analysis levels. This was an innovative way of investigating design 
decision-making and its ultimate WHS impacts. Consequently, it was possible to investigate 
various theoretical mechanisms that aligned information exchanges with technical 
interdependencies of design decisions, motivated the emergence of particular network 
patterns, and stimulated specific network outcomes. At the same time, the study took 
advantage of the most recent developments in statistical network modelling and analysis – 
that is, multilevel exponential random graph models, or ERGMs – and used this technique to 
analyse together complex networks involved in technical design decisions and their 
underpinning social interactions. Thus, this study has also made a significant methodological 
contribution by developing a multilevel framework to study design decision-making, and by 
adopting a new network analysis method which has gained recognition in other research 
fields (e.g., economics, psychology, sociology) and applying it for the first time in 
construction management research. By doing so, this study for the first time has enabled an 
understanding of dynamic social processes, technical complexities and socio-technical 
interdependencies in design decision-making and safety in design. 
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Overall, a significant methodological contribution has been made by this study through 
combining longitudinal and multilevel network approaches, for the first time in the 
construction management research, making it possible to simultaneously capture and 
investigate the complexities and dynamics of design decision-making and the social 
interactions underpinning it. This was facilitated by both developing a new multilevel 
network framework and applying a new statistical network technique. In addition, 
triangulating these quantitative approaches with qualitative analytical techniques has further 
improved the depth, as well as the reliability and credibility, of the findings in this study. The 
network analysis approach enabled investigation of the building blocks of social interaction 
networks, providing an understanding of how social processes at a local level give rise to 
emergent global interaction patterns, thus establishing a link between local and global 
patterns and characteristics. The understanding of these processes and patterns, in turn, 
facilitated an explanation of how and why social interactions influence decision outcomes 
(particularly WHS outcomes). 
 
 Implications for industry practice 
In spite of the growing recognition surrounding safety in design in the construction industry, 
the expected benefits from implementing safety in design have not yet been fully achieved in 
practice, with many efforts producing relatively modest reductions in the level of WHS risk 
on construction sites. A key issue, often cited with regard to this problem, is the absence of 
effective interactions between design and construction functions in construction projects. It 
has been suggested that effective communication between design and construction functions 
is vital for making construction process knowledge accessible to design decision-makers to 
help them identify constructability and construction WHS issues, and to address them when 
making design decisions (Hare et al., 2006; Lingard et al., 2014a). Nevertheless, there has 
been some ambiguity about what constitutes effective communication and how to achieve it 
in the context of safety in design.  
In this research, characteristics of effective communication in the context of safety in design 
were identified. In addition, evidence was provided on how and why effective 
communication affects design decisions in association with construction WHS. This 
understanding is important because it enables modification of communication networks based 
on specific design and construction needs in each project. To be effective, communication 
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networks need to be designed and developed to suit a particular project’s requirements. The 
knowledge and evidence provided by this research can help construction organisations to 
develop a better understanding of the factors likely to affect the quality and effectiveness of 
their safety in design practices, and assist them in developing, implementing and evaluating 
communication strategies that support effective implementation of safety in design in 
construction projects. 
Overall, this study is likely to contribute to achieving improved WHS outcomes intended by 
safety in design. The study has provided a better understanding of characteristics and 
mechanisms that enhance communication and collaboration which, in turn, support design 
decisions with impact on WHS in construction projects. This understanding was based on the 
recognition of special characteristics of the construction design process; that is, the complex, 
dynamic and collective nature of design decision-making. The findings of this study, in 
practice, highlight opportunities for project management teams to proactively design, or at 
least encourage and maintain, project communication networks that effectively support 
design decision-making. The findings suggest the communication networks need to be 
continuously inspected and optimised, with regard to changing design requirements; for 
example, by:  
• Encouraging two-way and direct information exchanges between participants, and 
establishing frequent communication (strong ties) between key influential participants 
(e.g., design and construction managers), to provide access to similar information for 
the majority of participants when higher coordination of decision-making activities is 
required. 
• Engaging new sources of knowledge and expertise, and encouraging collaborative 
information exchanges within sub-groups of participants, to promote creation of novel 
and dissimilar ideas by different groups of participants when the nature of design 
problems is non-routine and innovative solutions are required. 
Consequently, ongoing adjustments to communication networks are required to ensure 
networks involve relevant knowledge sources and have specific structural characteristics 
which support timely and free flow of information between participants, and so produce 
better decision outcomes. 
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 Limitations 
This study was limited in a number of aspects. First, data were collected from projects in 
Australia and New Zealand. Thus, the results cannot be generalised to all construction 
projects, although the replication logic underpinning the multiple case study approach, and 
the use of six cases covering a range of different project characteristics, arguably enhanced 
the generalisability of the findings. 
Each case only focused on one project element (i.e., a feature of work) and its associated 
design decisions and communication network. This decision was made to bring focus to the 
study. Therefore, project elements for which WHS was a concern were selected as cases. In 
addition, to concentrate on technical design decision-making and participants involved in it, 
only communication about the design decisions for each project element was captured. 
Capturing communication activities for each decision was also critical as the study was 
longitudinal and detailed.  
Another limiting factor was that the data were collected retrospectively. Therefore, there was 
a reliance on participants’ ability to recall the extent of their interactions with other project 
participants. Nevertheless, the effect of self-perception bias and recall difficulties were 
minimised by confirming the existence of each network tie with both interaction participants. 
Furthermore, the triangulation of network data with in-depth interviews with multiple project 
participants helped to address the issues inherent in this bias. 
Finally, no distinction was made between different types of communication (e.g., formal and 
informal) or different communication media (emails, face-to-face, over the phone). This was 
mainly to maintain the comprehensiveness of the study to include all communication which 
underpinned the design decision-making. Future research could potentially explore and 
compare the patterns of different communication types and means.  
 
 Further research 
Some of the study limitations, stated in the previous section, highlight opportunities for 
further research. It is recommended to replicate the study in other geographic locations, and 
in larger projects covering a wider range of project delivery approaches and contractual 
arrangements. Furthermore, decisions and interactions can be investigated over the lifecycle 
of projects to capture more comprehensively the predecessors and successors of design 
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decisions. This can help to build more comprehensive understanding about the impact of 
interaction pattern changes on different aspects of project performance, particularly as the 
priorities of stakeholders vary over project lifecycles. In addition, project decisions can be 
grouped based on their types and the reasons which trigger them; thus, interaction patterns 
underpinning different groups of decisions can be compared. For example, participants’ 
involvement and interactions could be compared during decisions associated with 
architecture or permanent features of buildings, the construction process, structural stability, 
end-use and operation, or maintenance. 
Data for future research can be collected prospectively in live construction projects. This 
approach provides more opportunities for observation, combining alternative sources of data 
(e.g., combining interviews with observation and document review); hence, it can facilitate 
collection of a rich and reliable (through data triangulation) dataset. This approach would also 
help further overcome participants’ potential recall bias. However, ongoing access to live 
projects for data collection over long periods of time may not be easily maintained. 
In future studies, different types of communication (e.g., formal and informal), and different 
communication media, may be distinguished. This would enable researchers to compare 
patterns of different communication types and means, and to investigate their separate 
impacts on project outcomes. In addition, sources of explicit knowledge which participants 
use (such as standards, manuals, etc.) may be identified and captured during the study and be 
differentiated from internal forms of tacit knowledge. Future studies may also look at the role 
that objects (e.g., digital representations, physical models, drawings) play in facilitating 
information exchange and contributing to (or limiting) the effectiveness of communication 
during design decision-making. 
Last, project participants’ perceptions of WHS and other attributes may also be captured and 
investigated in future studies. This would enable researchers to explore whether participants’ 
perceptions and attributes impact (or are affected by) the communication patterns in which 
they are embedded. The investigation could also include social properties of project design 
teams in terms of teamwork, group cohesion, cooperation and collaboration.
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Appendix B 
Table B-1: A comprehensive comparison of specific features identified from the investigation of decision-making process and its underpinning interactions 
Aspects Features Case A Case B Case C Case D Case E Case F 
Overall interaction 
pattern 
Connectivity - Binary density: 44% - Binary density: 24% - Binary density: 42.8% - Binary density: 40.3% - Binary density: 35.5% - Binary density: 34.5% 
Distribution of strong and 
weak ties 
- The network includes both 
weak and very strong ties 
- The weak ties are relatively 
prevalent 
- The network only includes 
weak ties and a few medium-
strength ties (no tie strength 
greater than 1.5) 
- The network includes 
weak, medium and a 
number of very strong ties 
- The network includes weak, 
medium and a few strong 
ties 
- The network includes a 
range of weak, medium and 
strong ties 
- The network includes 
weak ties and medium-
strength ties. Only a few 
relatively strong ties, no 
tie stronger than 2.25  
Central participants 
(both in terms of number of ties 
and frequency of interactions) 
- Design manager 
- Construction manager 
- Project manager 
- Constructor - Constructor - Constructor - Constructor - Client 
- Project manager 
Most frequent interactions - Project manager & 
construction manager (2.7) 
- Project manager & design 
manager (2.7) 
- Design manager & 
construction manager (2.8) 
- Client & client’s engineer 
(1.4) 
- Constructor & constructor’s 
engineer (1.4) 
- Client’s engineer & 
constructor (1.3) 
- Constructor & constructor’s 
engineer (2.9) 
- Client’s engineer & 
constructor (1.4) 
- Constructor & steel erectors 
(1.4) 
- Constructor & constructor’s 
engineer (2.7) 
- Constructor & client’s 
engineer (1.4) 
- Constructor & steel erectors 
(1.2) 
- Constructor & propping 
engineer (1.3, 2.3 after 
tender) 
- Constructor & capping 
engineer (1.8 after tender) 
- Constructor & piling 
engineer (1.7 after tender) 
- Client’s engineer & architect 
(1.3) 
- Engineer & project 
manager (2.3) 
- Client & project manager 
(1.8) 
- Constructor &engineer 
(1.6) 
- Project manager & 
architect 
Interaction between 
participants from design and 
construction disciplines 
- High frequency of 
information exchange 
between design manager 
and construction manager 
- Direct interaction between 
design engineer, architect 
and discipline managers 
- Direct interaction between 
design participants and 
subcontractors 
- Relatively low frequency of 
interaction between 
constructor and constructor’s 
engineer 
- High frequency of 
information exchange 
between constructor and 
constructor’s engineer 
- High frequency of 
information exchange 
between constructor and 
constructor’s engineer 
- Direct interaction between 
constructor’s engineer and 
concreters 
- High frequency of 
information exchange 
between constructor and 
technical consultants 
- Highly collaborative 
interactions between 
constructor and technical 
consultants 
- Relatively low frequency 
of interaction between 
constructor and engineer 
- Very low frequency of 
interactions between 
constructor and other 
design participants 
(architect, design 
engineer) 
Interactions between the 
client’s team and the 
construction participants 
- Low frequency, but 
multiple ties between 
constructor’s discipline 
managers, design engineer, 
architect, client and wind 
engineer, highly 
collaborative 
- Medium frequency of 
interaction between 
constructor, client and 
client’s engineer 
- Constructor receiving more 
information than sending 
- Medium frequency of 
interaction between 
constructor, client and 
client’s engineer 
- Two-way balanced 
interactions 
- Medium frequency of 
interaction between 
constructor, client and 
client’s engineer 
- Two-way balanced 
interactions 
- Medium frequency of 
interaction between 
constructor and architect 
- Low frequency of 
interaction between 
constructor, client and 
client’s engineer 
- Low interaction between 
constructor and project 
manager 
Involvement of suppliers/ 
subcontractors in interactions 
- High with multiple ties 
with discipline managers 
and design engineers 
- Very low frequency, mostly 
receiving information from 
constructor 
- Relatively high (1.4) 
frequency of interaction 
with the constructor, two-
way 
- Relatively high frequency of 
interaction between 
constructor and steel erectors 
and concreters, two-way 
- Two-way interaction 
between steel erectors and 
concreters 
- Interaction between 
concreters and engineer 
- High frequency of 
interaction between 
constructor and propping 
engineer (supplier of 
Megaprops) 
- Collaborative and frequent 
interactions between 
designers and suppliers of 
different components of soil 
retaining system 
- Low frequency of 
interaction between 
- No evidence identified of 
their involvement 
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Aspects Features Case A Case B Case C Case D Case E Case F 
constructor and mechanical 
contractor 
Nature of information 
exchanges 
- Collaborative 
- Medium centralisation 
- Hierarchical 
- Centralised 
- Centralised - Medium centralisation - Collaborative, particularly 
within design and 
construction team 
- Medium centralisation 
- Hierarchical 
- Low centralisation 
- A centralised pattern for 
strong ties 
Decision-
involvement 
Participants with an average 
high (greater than 2.5) 
decision-making power 
(arranged in decreasing order) 
- Design manager 
- Construction manager 
- Client 
- Constructor 
- Client’s engineer 
- Constructor’s engineer 
- Constructor 
- Constructor 
- Constructor’s engineer 
- Constructor 
- Client’s engineer 
- Client’s architect 
- Engineer 
- Client 
Central participants (in 
decreasing order) 
- Project manager 
- Design manager 
- Construction manager 
- Client’s engineer 
- Constructor 
- Client 
- Constructor’s engineer 
- Constructor 
- Constructor’s engineer 
- Client’s engineer 
- Steel erectors 
- Constructor 
- Client’s engineer 
- Constructor’s engineer 
- Client’s architect 
- Client’s engineer 
- Constructor 
- Client 
- Engineer 
- Architect 
- Project manager 
- Client 
Central decisions - Design revisions, proposed 
by constructor, which led to 
constructability and WHS 
improvements 
- Decisions to alter both design 
and construction features to 
accommodate client’s 
changes 
- Decisions to alter both 
design and construction 
features to accommodate 
client’s changes 
- Decisions to alter both 
design and construction 
features to accommodate 
client’s changes 
- Design revisions, proposed 
by constructor, which led to 
constructability and WHS 
improvements 
- Technical decisions aimed 
to improve flexibility of 
construction process to 
cope with uncertainty 
Involvement of suppliers/ 
subcontractors 
- Medium involvement, high 
influence in a number of 
decisions 
- Low involvement, low 
power, mostly executing 
instructions 
- High, steel erectors 
involved in half of the 
decisions 
- Relatively high, involved in 
40% of the decisions 
- High involvement of 
supplier, both as number of 
decisions and power 
- No evidence identified of 
their involvement 
Local features and 
configurations in 
multilevel network 
 - Evidence of collaboration 
(positive & significant 
reciprocity & transitive 
closure effects) 
- Evidence for direct 
inclusion of participants’ 
knowledge & expertise in 
relevant decisions (positive 
& significant affiliation-
based closure effect) 
- Evidence of alignment 
between decision 
interdependencies and 
exchange of important 
information (positive & 
significant cross-level 
alignment reciprocity 
effect) 
- No tendency for network 
brokerage and formation of 
structural holes (non-
significant multiple 
connectivity effect) 
- No evidence of participants’ 
tendency for collaborative 
information exchanges 
- No tendency for alignment 
between the decision’s 
technical dependencies and 
the participants’ information 
exchange patterns (non-
significant cross-level 
alignment effects) 
- No tendency for direct 
inclusion of participants’ 
knowledge & expertise in 
relevant decisions (non-
significant affiliation-based 
closure effects) 
- Tendency for network 
brokerage (significant 
multiple connectivity effect) 
- Existence of highly central 
participants 
- No tendency for direct 
exchange of important 
information (non-significant 
path closure effects for 
important interactions) 
- Evidence for direct 
inclusion of participants’ 
knowledge & expertise in 
relevant decisions (positive 
& significant affiliation-
based closure effect) 
- Tendency for network 
brokerage for all 
communication (significant 
multiple connectivity 
effect) 
- Existence of participants 
who were highly involved 
in decisions 
- Evidence for direct inclusion 
of participants’ knowledge 
& expertise in relevant 
decisions (positive & 
significant affiliation-based 
closure effect) 
- A number of key 
participants tended to be the 
common decision-makers 
for the dependent decisions 
- Tendency for network 
brokerage for important 
communication (significant 
multiple connectivity effect) 
- Existence of highly central 
participants when 
exchanging important 
information 
 
- High tendency for network 
brokerage & formation of 
structural holes (positive & 
significant multiple 
connectivity effect) 
- Evidence for direct inclusion 
of participants’ knowledge 
& expertise in relevant 
decisions (positive & 
significant affiliation-based 
closure effect) 
- Evidence of alignment 
between decision mutual 
interdependencies & 
exchange of important 
information (positive & 
significant cross-level 
alignment reciprocity effect) 
- High tendency for 
participants jointly involved 
in making a decision to 
exchange information 
- No evidence of 
participants’ tendency for 
collaborative information 
exchanges 
- No tendency for alignment 
between the decision’s 
technical dependencies 
and the participants’ 
information exchange 
patterns (non-significant 
cross-level alignment 
effects) 
- No tendency for direct 
inclusion of participants’ 
knowledge & expertise in 
relevant decisions (non-
significant affiliation-
based closure effects) 
- High tendency for 
participants jointly 
involved in making a 
decision to exchange 
information 
 
Circumstantial and 
contextual factors 
 - Use of internal knowledge 
- Low brokerage & structural 
holes 
   - Use of external knowledge 
- High brokerage & structural 
holes 
- Balance between 
centralisation & 
collaboration 
- Match between participants’ 
decision-making power & 
decision requirements 
- Mainly coordination rather 
than collaboration 
- Reactive approach 
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Aspects Features Case A Case B Case C Case D Case E Case F 
 - Involvement of participants 
from design and 
construction disciplines 
from early decisions 
onwards 
- Majority of decisions 
involved participants from 
different supply chain tiers 
- Consideration of 
construction methodology 
as part of design decision-
making from early stage 
onwards 
- Involvement of senior 
participants with extensive 
construction experience in 
design revision process 
- Design reviews for 
constructability involved 
the constructor, designers 
and client 
- Design coordination 
meetings conducted 
regularly 
- Strong focus on operations, 
end-use features of the 
facility, and regulatory 
requirements 
- Little flexibility to improve 
constructability and WHS 
- Late and ongoing changes by 
the client 
- The constructor was given 
the authority to make 
decisions about details of 
building design as well as 
construction process 
- Constructability and WHS 
considerations an integral 
part of design decision-
making process 
- Key design decisions made 
predominantly by the 
constructor and 
constructor’s engineer 
- frequent and two-way 
communication between 
constructor and 
constructor’s engineer 
- Involvement of participants 
from different supply chain 
tiers 
- Constructor’s expertise and 
past experience 
- Time pressure for project 
completion 
- Late and ongoing changes 
by the client 
- Client’s requirements and 
concept defined and 
communicated early to 
design and construction 
participants  
- End-use requirements and 
compliance with health 
regulations the main factors 
considered in concept design 
- The constructor’s team was 
given the authority to make 
detailed decisions about 
building design as well as 
the construction process 
- Constructability and WHS 
considerations an integral 
part of design decision-
making 
- The client’s team remained 
involved in the design 
process 
- Early involvement of the 
constructor in the project 
- Integration of design and 
construction decision-
making 
- Frequent and two-way 
communication between 
constructor and constructor’s 
engineer 
- Early engagement of the 
subcontractors 
- Time pressure for project 
completion 
- Late and ongoing changes 
by the client 
- The positive attitude of the 
client’s team and the client’s 
risk awareness created a 
favourable environment for 
the constructor’s team to be 
involved proactively in 
decision-making 
- Government funding 
constrained the decision-
making by limiting project 
duration and influencing 
design options 
- Client specified an 
ambitious date for the 
reopening of the facility 
- Dealing with WHS issues 
mainly left to construction 
participants 
- The consultants and 
constructor had previously 
worked with the client 
- Limited information about 
the condition of the 
existing structure at early 
project stage, reliance on 
assumption 
- High level of uncertainty 
as a result of fast-tracked 
decision-making 
- WHS-improvement efforts 
mainly focused on 
increasing on-site 
flexibility to address 
potential issues 
- Design fell behind actual 
construction process 
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Appendix C 
The academic outputs from this research, up to the date of submission of this thesis for 
examination, are listed below. 
Conference papers 
 
Pirzadeh, P., Lingard, H., Blismas, N., Mills, T. and Kleiner, B. (2015). Proactive evaluation 
of occupational health and safety performance in construction projects using the hierarchy of 
controls concept. In CIB W099: Safety and Health in Construction (pp. 438-448). CIB W099 
2015, Belfast. 
 
In this paper, a method for evaluating WHS performance in construction projects was 
explained. The method was developed based on the Hierarchy of Control (HOC) 
concept. This method is used in the current PhD study to evaluate and compare the 
WHS performance of the cases. This paper was presented at the CIB W099 
conference in Belfast in 2015. The paper was awarded one of three student bursaries 
offered by the conference. 
 
 
Pirzadeh, P. and Lingard, H. (2017) Exploring the dynamic social interactions that 
underpin work health and safety related design decision-making In: Chan, P.W. and Neilson, 
C.J. (Eds.). Proceeding of 33rd Annual ARCOM Conference, 4-6 September 
2017, Cambridge, UK, Association of Researchers in Construction Management, 176- 
185. 
 
This paper explains and justifies the research problem, and knowledge and 
methodological gap which the current PhD study addresses. This is based on a critical 
review of the literature about Safety in Design in construction. The paper then 
identifies special characteristics of the design process and argues that any method 
used to study the design process needs to acknowledge and cope with these special 
characteristics, particularly the dynamic, multilevel and networked nature of social 
interactions that support the design process. Furthermore, SNA is proposed as a useful 
method; however, previous applications of SNA in construction are criticised for their 
basic application and the simplistic assumptions they are based on. 
 
Journal article 
 
Pirzadeh, P. and Lingard, H. (2017). Understanding the dynamics of construction decision 
making and the impact on work health and safety. Journal of Management in Engineering, 
33(5). DOI: 10.1061/(ASCE)ME.1943-5479.0000532 
 
Appendix C  
411 
 
This paper uses a case study to indicate the dynamic nature of design decision-
making, and the way the pattern of social interactions that underpins decision-making 
changes to address the particular knowledge requirements of each decision-making 
scenario. Based on the findings of this case study, it is argued that to best understand 
design decision-making and the information exchanges that support it, a detailed 
analysis of the interactions at decision-level is required. With this level of analysis, it 
is possible to capture the dynamism and complexity of the design process. This 
approach forms the basis for the analysis method applied in the current PhD study, 
and reflects the knowledge and methodological contributions which this study makes 
to construction research. 
 
